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Introduction 


Tuberous  Sclerosis  Complex  (TSC)  is  a  genetic  multisystem  disorder  characterized  by  severe 
neurological  symptoms  (e.g.  seizures),  which  are  the  most  significant  causes  of  disability  and 
morbidity.  Presently,  there  are  no  known  cures  for  TSC  and  the  etiology  of  the  disease  is  not 
well  understood,  perhaps  due  to  the  lack  of  model  system  to  study  this  disorder.  In  TSC  patients, 
mutations  in  one  of  two  tumor  suppressor  genes,  Tscl  or  Tsc2,  result  in  the  formation  of  lesions. 
The  mechanisms  leading  to  TSC  lesions  and  associated  seizure  generation  during  perinatal  life 
remain  unclear.  We  proposed  to  test  the  hypothesis  that  deletion  of  Tsc  genes  in  perinatal  neural 
progenitor  cells  contributes  to  the  generation  of  TSC  lesions,  and  we  propose  to  identify  the 
mechanisms  underlying  that  process. 

To  test  our  hypothesis,  we  have  used  a  double  hit  model  in  transgenic  mice  carrying 
conditional  (fl)  and  mutant  (mut,  non-functional)  Tscl  alleles  (Tsclf,/mut  mice)  by  deleting  the 
conditional  Tscl  allele  in  embryonic  and  neonatal  progenitor  cells  using  in  vivo  electroporation 
of  Cre  recombinase-containing  plasmids.  We  had  proposed  the  following  two  aims. 

First,  we  proposed  to  test  whether  deletion  of  Tscl  in  perinatal  progenitor  cells  generates 
TSC  lesions  (i.e.  cortical  tubers  with  giant  cells  and  subependymal  nodules,  olfactory 
heterotopia)  to  get  insights  into  the  mechanisms  of  lesion  formation.  The  second  aim  was  to 
study  the  mechanism  of  cortical  hyperexcitability  and  identify  some  of  the  mechanisms  leading 
to  lesion  formation.  We  would  then  test  the  effects  of  inhibiting  and  knocking  down  selective 
molecules  on  lesion  formation  and  cortical  excitability. 

We  have  entirely  completed  aim  1  as  originally  proposed  in  our  Statement  of  Work. 
Using  a  novel  technical  approach  (i.e.  in  vivo  electroporation  in  mice  with  conditional  and 
mutant  alleles),  we  described  first  TSC  animal  model  that  replicates  the  discrete  cortical  and 
olfactory  lesions  and  subependymal  nodules  as  seen  in  humans.  We  have  gathered  information 
on  the  mechanisms  of  lesion  formation  (e.g.  hypoxia  induced  factor  1,  Hifl)  and  cortical 
hyperexcitability.  We  are  finishing  this  latter  work.  We  have  published  our  findings  in  research 
articles  and  have  presented  our  data  at  several  meetings. 
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Body 


Background 

Epilepsy  and  cortical  lesions 

Epilepsy  is  observed  in  75%  of  affected  TSC  individuals.  Seizures  often  begin  during  the  first 
year  of  life  as  infantile  spasms  that  are  unresponsive  to  conventional  anti-epileptic  drug  therapies 
(Curatolo  et  al.,  2001;  Holmes  and  Stafstrom,  2007). 

Seizures  in  TSC  individuals  are  associated  with  cortical  lesions  or  malformations  called 
tubers  (Thiele,  2004)  (Figure  1).  Indeed,  seizures  have  a  focal  or  multifocal  origin  with  a 
topographic  correspondence  between  EEG  foci  and  MRI  high  signal  lesions,  demonstrating  the 
preponderant  role  of  cortical  tubers  as  epileptogenic 
foci  (Jansen  et  al.,  2007;  Jansen  et  al.,  2008). 

Resecting  tubers  in  pharmacologically  intractable 
epileptic  patients  with  TSC  reduces  or  eliminates 
seizure  activity  in  a  subpopulation  of  these  patients 
(Jansen  et  al.,  2007;  Jensen,  2009).  However,  how  a 
tuber  forms  and  contributes  to  cortical 
hyperexcitability  remains  unclear  in  the  absence  of  a 
reliable  animal  model  of  cortical  tubers.  One  of  our 
major  objectives  was  thus  to  generate  cortical  tubers 
which  we  have  successfully  accomplished  last  year. 

The  work  was  already  reviewed  and  published. 

We  are  in  the  process  of  analyzing  our 
data  regarding  cortical  excitability  in  and  around  a  tuber.  These  data  are  not  presented 
and  were  the  subject  of  a  oral  presentation  by  my  postdoctoral  fellow,  Dr.  Feliciano,  at  the 
Young  Investigator  workshop  of  the  American  Epilepsy  meeting  (Baltimore,  2012). 

Subependymal  nodules  and  heterotopia  in  olfactory  structures 

Other  brain  lesions  observed  in  TSC  patients  are  subependymal  (SE)  nodules  along  the  lateral 
ventricle  and  heterotopia  in  olfactory  structures.  The  function  of  these  nodules  remains  unclear  in 
terms  of  their  contribution  to  network  excitability  (DiMario,  Jr.,  2004;  Mizuguchi  and 
Takashima,  2001).  Nevertheless,  the  nodules  transform  into  subependymal  giant  cell 
astrocytoma  (SEGA)  in  5-15%  of  the  patients  and  need  to  be  resected  when  they  lead  to 
hydrocephalus  by  preventing  fluid  circulation  in  the  ventricle. 

Considering  that  gliogenesis  and  neurogenesis  persist  beyond  birth  in  the  subependymal 
zone  (SEZ)  (Pathania  et  al.,  2010),  we  hypothesized  that  SE  nodules  and  olfactory  heterotopia 
arise  from  neonatal  SEZ  progenitor  cells  expressing  mutations  in  Tsl  or  Tsc2.  During  the  first 
two  weeks  after  birth  in  mice  (-8-12  months  in  humans),  SEZ  neural  progenitor  cells  contribute 
to  extensive  gliogenesis  (Levison  and  Goldman,  1993)  as  well  as  olfactory  bulb.  Generating 
SEZ  nodules  and  heterotopia  was  a  part  of  aim  1.  This  work  has  been  accomplished  and  is 
described  below  in  our  research  accomplishments. 


Figure  1:  Cortical  tubers  (Left  panel, 
black  arrow)  are  discrete  focal  lesions, 
which  can  be  detected  by  MRI. 

Right  panel:  elevated  S6  phosphorylation 
(pS6,  brown)  is  a  hallmark  of 
cytomegalic  neurons  present  in  tubers. 
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In  addition,  we  used  this  newly  developed  model  system  of  heterotopia  toidentify 
downstream  molecules  responsible  for  abnormal  cell  development.  Below  we  will  present  data 
on  Hifl. 

Our  research  accomplishments 

The  goal  of  our  recent  ongoing  funding  cycle  based  on  our  Statement  of  Work  was  to  finish 
ongoing  work  regarding  the  generation  of  TSC  lesions  from  neonatal  neural  progenitor  cells 
(NPCs)  in  the  SVZ  (part  of  Task  1),  to  assess  cortical  excitability  in  the  presence  of  tubers  (Task 
3,  not  presented  here  because  under  analysis)  and  to  start  identifying  molecules  responsible  for 
TSC  lesions  (Task  4).  These  Tasks  have  been  achieved  in  due  time  as  proposed  in  our  Timeline. 
Data  obtained  are  detailed  below. 

Generation  of  TSC  lesions  from  NPCs  in  the  SVZ 


To  examine  whether  postnatal  neurogenesis  contributes  to  SE  nodules  and  SEGA,  we  used 
conditional  transgenic  mice  as  recently  reported  to  induce  SVZ  nodules  and  SEGA  (Zhou  et  al., 
2011).  Loss  of  heterozygosity  in  SVZ  cells  was  achieved  using  mice  expressing  Tscl  alleles 
flanked  by  LoxP  sites  (floxed,  fl)  crossed  with  nestin-CreERT2/R26R-YFP  mice  to  generate 
Tvc7fl/fl/nestinClcERT2  mice  (Fig.  1A)  (Meikle  et  al.,  2007;  Lagace  et  al.,  2007).  These  nestin- 
CreER12  mice  have  been  used  to  induce  selective  recombination  in  cells  of  the  neurogenic  zones 
in  adults  (Shuang  et  al.,  2004).  In  neonates,  nestin  is  also  expressed  in  astrocytes  and 
progressively  disappears  as  they  mature  and  acquire  glial  fibrillary  acidic  protein  GFAP  in 
rodents.  Upon  tamoxifen  injection  in  7Tc7tVfl/nestinCrcERT2,  nestin-expressing  cells,  including 
SVZ  cells  and  astrocytes,  are  expected  to  lose  Tscl  and  express  YFP.  Control  mice  were 
Tvc7fl  wt/nestinCreERT2  (wildtype,  wt). 

Tamoxifen  was  injected  at  P7  (2  injections)  and  brains  were  collected  at  postnatal  day  (P) 
28.  7A'/ll/n/nesttnCrcERT2  mice  displayed  GFAP-  and  RC2-rich  SEGA-like  lesions  in  the  ventral 
SVZ  (Fig.  1C,  GFAP  not  shown,  location  shown  on  the  diagram  in  Fig.  IB  at  the  base  of  the 
ventricle)  (Zhou  et  al.,  2011).  RC2  is  a  radial  glial  cell  marker  (Misson  et  al.,  1988).  These  data 
suggest  that  SEGA  can  form  during  the  neonatal  period  from  SVZ  NPCs. 


^  Mice 

(noted  Tsc1ml nestinCreRT2) 


B 


YFP+  cells 

- ►  Tscl™" :  Tsc1muVmut 

+  Tamoxifen 


■  ££ 

.  *  •  .  • 

-  •„  •'  .  4  •' 

.  V  |  ^  Stf* 


Figure  2.  Postnatal  deletion  of  Tscl  using 
inducible  transgenic  mice.  (A)  Diagram 
illustrating  the  inducible  transgenic  mouse 
line  used  to  delete  Tscl  (i.e.  null)  and 
express  YFP  in  nestin-expressing  cells  and 
their  progeny  following  tamoxifen  injection 
at  postnatal  day  (P)  7.  (B)  Diagram 
illustrating  the  locations  of  the  images 
shown  in  C  on  a  sagittal  section.  LV:  lateral 
ventricle;  SVZ:  sub  ventricular  zone.  OB: 
olfactory  bulb;  RMS:  rostral  migratory 
stream.  (C)  P28  image  of  RC2  (red)-rich 
SVZ  nodule  containing  YFP+  Tsclnul 1  cells 
following  tamoxifen-induced  recombination 
at  P7.  Scale  bar:  70  pm. 
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To  examine  whether  the  neonatal  NPCs  could  also  generate  focal  olfactory  lesions,  we  used 
neonatal  electroporation.  This  approach  allows  precise  targeting  of  plasmids  into  NPCs  lining  the 
lateral  ventricle  (Lacar  et  al.,  2010).  These  NPCs  generate  neurons  that  migrate  to  the  olfactory 
bulb  via  the  RMS  and  are  synaptically  mature  by  3-4  weeks  after  birth  (Petreanu  and  Alvarez- 
Buylla,  2002).  We  used  Tscl  mice  crossed  with  R26R-Stop-RFP  mice  (RFP,  red  fluorescent 
protein  for  tdTomato).  In  Tvc7fl  mu,/RPP  mice,  Cre  recombinase  (Cre)  expression  is  expected  to 
lead  to  TSC1  loss  and  RFP  expression  (Fig.  3 A).  RFP+  neurons  are  thus  expected  to  be  Tsc/'wU 
while  surrounding  RFP'  neurons  are  Tsclhapl°  (haplo  for  haploinsufficient). 

A  Cre-  and  GFP-encoding  plasmid  were  electroporated  into  SVZ  progenitor  cells 
at  P0-1  resulting  in  visible  GFP  fluorescence  1-day  post-electroporation  (Fig.  3B  and  C)  (Lacar 
et  al.,  2010;  Platel  et  al.,  2010).  GFP  allows  to  birth-mark  neurons  bom  during  the  first  7-10  days 
post-electroporation  because  GFP  is  diluted  as  cells  divide  while  RFP  is  permanently  expressed 
(Lacar  et  al.,  2010)(Fig.  3D).  As  a  result,  RFP+  but  not  GFP+  newborn  neurons  continuously 
accumulate  in  the  circuit  (Fig.  3E).  We  reported  that  Tscl  was  deleted  from  newborn  neurons 
leading  to  mTOR  pathway  activation  and  cytomegally  (please  see  Appendix  for  manuscript). 


Mice 


7scfl,muVR26RRFP 


RFP+  cells 

Tsc1nu"  :  7sc7mut/mul 


7sctfl,w,/R26RRFP 


+  pCAG-Cre:GFP 
electroporation 


t  Tscthapl°:  7scfmut/wt 


Postnatal  day  0-1 

\\  pCAG-Cre:GFP 


GFP 


Figure  3.  Postnatal  deletion  of  Tscl  using  neonatal  electroporation  and  the  Cre-Lox  system.  (A) 

Schematic  describing  the  loss  of  one  or  two  Tscl  alleles  in  cells  containing  a  plasmid  encoding  Cre:GFP 
under  the  CAG  promoter  that  is  expressed  through  neonatal  electroporation  in  Tscln/wt/R26R  and 
7ic7fl/mut/R26R,  respectively.  Cells  containing  the  pCAG-Cre:GFP  also  express  RFP.  (B)  Diagram 
illustrating  the  principle  of  neonatal  electroporation  of  a  plasmid  into  neural  progenitor  cells  lining  the 
lateral  ventricle.  (C)  Images  of  PI  and  P28  fixed  brains  containing  RFP+  cells  in  the  ipsilateral  olfactory 
bulb.  (D)  Diagram  illustrating  the  migratory  path  and  final  location  of  newly  born  cells  3  weeks  post¬ 
electroporation  (wpe).  RFP  expression  persists  permanently  due  to  its  genomic  integration  (R26R  mice) 
while  GFP  expression  from  either  a  pCAG-GFP  or  pCAG-Cre:GFP  is  diluted  in  newly  born  cells  due  to 
successive  cell  division.  As  a  result,  only  cells  born  during  the  first  7-10  days  express  GFP.  (E)  Confocal 
image  of  RFP+  and  GFP+  newly  born  cells  in  a  coronal  olfactory  bulb  section.  RFP+/GFP+  cells 
outnumber  RFP+/GFP'  cells.  Scale  bar:  70  pm. 


Next  we  examined  sections  from  electroporated  mice  at  P0. 
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We  first  examined  on  the  migratory  pathway  to  the  olfactory  bulb.  Gross  examination  of 
sagittal  sections  from  P28  Tscla/mut  mice  revealed  the  presence  of  migratory  heterotopia,  defined 
by  the  ectopic  location  or  misplacement  of  groups  of  TsclnuU  cells.  Examination  of  sagittal 
sections  at  low  magnification  led  us  identify  heterotopia  in  all  animals  examined  (n=13)  that 
were  found  at  three  major  locations:  in  the  RMS  both  at  its  entry  point  caudally  and  at  the 
interface  RMS  and  RMS-OB,  in  the  RMS-OB  and  adjacent  to  the  RMS  in  the  AON  as  well  as 
near  the  anterior  commissure  olfactory  limb  (Fig.  4A  and  B,  green  rectangles  indicate  the 
location  of  heterotopia).  No  migratory  heterotopias  were  visible  in  electroporated  Tvc/flwt/R26R 
mice  (data  not  shown). 

Closer  examination  of  the  heterotopia  revealed  two  categories,  some  with  an  apparent 
mixed  neuroglial  phenotype  (Fig.  4C-G)  and  some  with  a  neuronal  phenotype  (Fig.  4H  and  I). 
The  mixed  neuroglial  phenotype  was  visible  due  to  the  presence  of  a  meshwork  of  lamelipodia- 
like  processes  giving  a  nodular  appearance  or  the  presence  of  cells  with  neuronal  or  glial 
morphology  (Fig.  4C).  Heterotopia  with  a  lamelipodia-like  structure  were  preferentially  found  in 
the  AON  as  shown  in  Figure  4B  and  4C.  Heterotopia  in  the  RMS  and  RMS-OB  displayed  cells 
with  an  astrocytic  (bushy),  a  neuronal  morphology  or  an  undifferentiated  morphology  (Fig.  4D- 
G).  Cells  with  a  neuronal  morphology  displayed  extensive  dendrites  with  spines  and  a  thin 
process  identified  as  an  axon  by  the  presence  of  varicosities  (white  arrows,  Fig.  4E-G).  Cells 
forming  the  heterotopia  displayed  enlarged  cells  body  compared  to  surrounding  cells,  in 
particular  doublecortin  (DCX)-immunopositive  neuroblasts  in  the  RMS  (Fig.  4F  and  G,  DCX 
staining  not  shown). 

Mixed  phenotype-heterotopia  comprised  GFP+  and  GFP7RFP+  cells.  In  wild-type  mice, 
GFP+  cells,  which  are  bom  between  PO  and  P10,  should  have  reached  the  olfactory  bulb  by  P28 
(see  (Lacar  et  al.,  2010)  for  more  details).  Indeed  in  77c7tl  wt/R26R  mice,  only  8%  of  the  RFP+ 
cells  were  GFP+  in  the  RMS  (23/250  cells,  n=3  mice).  By  contrast,  we  found  that  22%  of  TsclmiU 
RFP+  cells  were  GFP+  cells  in  the  RMS  (280/1092  cells,  n=3,  p<0.0001,  Fisher's  Exact  test). 
Thus,  heterotopia  contained  early  bom  GFP+  cells  that  are  stalled  in  the  RMS  and  may  thus  trap 
late  bom  cells  as  well  as  disrupt  their  migratory  path. 

Heterotopia  comprised  of  3-15  cytomegalic  neurons  were  also  visible  along  the  RMS-OB 
and  more  specifically,  in  the  anterior  commissure  olfactory  limb  (Fig.  4H  and  I).  These  cells 
displayed  a  neuronal  morphology,  and  were  NeuN-  and  pS6-immunopositive  (data  not  shown). 
The  majority  of  these  ectopic  neurons  were  GFP+  and  thus  early  bom  (Fig.  4H). 
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Figure  4.  Tsclnul 1  cells  form  migratory  heterotopia  in  and  out  of  the  RMS.  (A  and  B)  low 

magnification  photographs  of  RMS/RMS-OB  (A)  and  AON  (B)  lesions  containing  RFP+  cells  in  sagittal 
sections  of  Zsr7fl/mut/R26R  mice  electroporated  at  PI  with  pCAG-Cre:GFP  and  pCAG-GFP.  The  green 
rectangles  illustrate  the  approximate  locations  of  images  shown  in  C-E.  (C)  Confocal  image  of  a  lesion  in 
the  AON,  the  location  of  which  is  shown  in  B.  The  lesion  contains  RFP+/GFP+  and  RFP+/GFP'  cells.  (D- 
G)  Confocal  Z-stack  images  of  lesions  in  the  RMS-OB  (D)  and  RMS  (E  and  F),  the  locations  of  which 
are  shown  in  A.  G  is  a  zoom  and  smaller  Z-stack  of  the  region  in  the  white  rectangle  in  F.  Blue  arrows  (D 
and  E)  point  to  cells  with  an  immature  morphology.  White  arrows  (E,  F,  and  G)  point  to  some  neurons. 
Arrowhead  (E  and  G)  points  to  examples  of  cells  resembling  astrocytes.  Yellow  arrows  (in  G)  point  to 
neuroblasts.  (H  and  I)  Confocal  Z-stack  images  of  neuronal  heterotopias  in  the  aco  of  the  olfactory  bulb 
in  a  coronal  section  (GFP+  neurons  in  green,  DAPI  in  blue,  H)  and  neuronal  heterotopia  in  the  AON 
(black,  I).  Scale  bars:  700  pm  (A  and  B),  40  pm  (C),  35  pm  (D),  50  pm  (E  and  G),  70  pm  (F,  H,  and  I). 
aco:  anterior  commissure,  olfactory  limb;  AOB:  accessory  olfactory  bulb;  AON:  accessory  olfactory 
nucleus;  aco:  EP:  doral  endopiriform  cortex;  ORB:  orbital  cortex. 
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Upon  entering  the  olfactory  bulb,  the  majority  of  newborn  neurons  integrate  in  the  granule  cell 
layer.  Next,  we  examined  the  overall  organization  of  granule  cells  and  their  dendritic  arbor.  In 
sagittal  sections  there  was  a  apparent  clumping  of  cytomegalic  TsclmM  cells  (Fig.  5B),  while 
Tsclhapl°  cells  were  equally  distributed  (Fig.  5A).  To  quantify  the  disorganization  of  granule 
cells,  we  performed  nearest  neighbor  calculations  in  which  the  density  of  cells  and  the  distance 
between  each  were  measured  (Fig.  5C).  These  measurements  were  compared  to  a  theoretical 
Poisson  distribution.  The  difference  between  the  theoretical  and  experimental  values  in 
Tscltt,mut/ R26R  mice  was  significantly  lower  than  that  in  7A7tl/wt/R26R  mice  (R=4.2  ±  1.2,  n=10 
versus  R  =  9.0  ±  1.5,  n=12  sections,  Fig.  5D)  suggesting  a  decreased  organization  in  the  Tscla,mul 
olfactory  bulb  (p<0.05). 

Another  observation  in  coronal  sections  was  the  hypertrophic  dendritic  tree  of  TsclnuU 
granule  neurons  (Fig.  5E).  Using  Scholl  analysis  of  the  proximal  dendrites,  we  found  that  the 
number  of  dendritic  crossings  was  increased  in  Tsclnuli  compared  to  Tsclhapl°  neurons  (Fig.  5F). 
Since  ultimate  circuit  formation  and  function  depend  on  proper  cell  placement  and 
morphogenesis,  we  expect  abnormal  circuit  activity. 


Figure  5.  Tsclnu"  neurons  form  micronodules  throughout  the  olfactory  bulb  and  hypertrophic 
dendrites.  (A  and  B)  Confocal  images  of  RFP+  cells  in  olfactory  bulb  sagittal  sections  from 
7sc7fl/wt/R26R  (A)  and  7A7flmut/R26R  mice  (B).  (C)  Projections  of  the  RFP  signals  in  the  green  square  in 
A  and  B.  (D)  Bar  graph  of  the  relative  nearest  neighbor  distance  for  RFP+  cells  in  the  olfactory  bulb  of 
Tvc7fl  wt/R26R  (grey)  and  Ts'c/fl  mu,/R26R  (black)  mouse.  (E)  Representative  reconstmctions  of  RFP+ 
olfactory  neurons  in  sections  from  Tscl,]  Wt/R26R  and  Tscla  "ui:  R26R  mice.  (F)  Corresponding  plots  of 
the  number  of  crossing  as  a  function  of  the  distance  from  the  soma  (n=14  cells  for  each  plot).  Filled 
circles:  Tscla,mut/R26R  mice. 
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While  examining  sections  of  Tscla,mut  brains,  we  found  GFP+  neurons  in  the  nucleus  accumbens 
and  in  the  cortex  (Fig.  6).  The  majority  of  neurons  were  GFP+  suggesting  that  they  were  bom 
during  the  neonatal  period.  Such  neurons  were  absent  in  Tscla,wt  brain  or  very  rare  (1  per  section 
occasionally).  In  the  nucleus  accumbens,  neurons  were  located  at  the  base  of  the  lateral  ventricle 
and  around  the  anterior  commissure  (Fig.  6B  and  C).  GFP+  cells  were  identified  as  neurons 
based  on  NeuN  immunostaining.  In  the  cortex,  10-15  neurons  were  found  per  sections.  Neurons 
occurred  in  clusters  of  2-6,  and  were  located  in  the  deep  cortical  layers  and  in  layer  II  (Fig.  6D- 
I).  Cortical  neurons  display  an  extensive  dendritic  tree  with  spines  as  well  as  a  thin  process  with 
varicosities  resembling  an  axon. 


Figure  6.  Newborn  Tscl"u 11  neurons  are  rerouted  to  cortical  and  subcortical  areas.  (A)  Coronal 
sections  with  green  rectangles  indicating  the  approximate  locations  of  images  shown  in  B-I.  (B)  Confocal 
image  of  GFP+  neurons  (green)  in  the  ACB  and  around  the  aco  counterstained  with  DAPI  (blue).  (C) 
Zoom  of  the  image  in  the  white  square  in  B.  (D)  Confocal  image  of  GFP+  and  RFP+  neurons  and 
astrocytes  (bushy  cells)  in  cortical  layer  II.  (E)  GFP+  (black)  neurons  in  cortical  layer  II.  (F)  Confocal 
image  and  projections  of  a  GFP+  cortical  layer  II  cell  that  immunostained  positive  for  NeuN  (red).  (G) 
Confocal  image  of  GFP+  neuron  in  the  deep  layer  of  the  cortex.  (H)  Zoom  of  the  neuron  in  the  white 
square  in  G.  (I)  Confocal  image  of  GFP+  neuron  in  the  deep  layer  of  the  cortex.  Inset:  GFP  fluorescence 
overlaid  with  DIC  to  illustrate  the  location  of  the  corpus  callosum.  CC:  corpus  callosum;  CP:  caudate 
putamen;  ACB:  accumbens  nucleus;  aco:  anterior  commissure.  Scale  bars:  140  pm  (B)  70  pm  (C),  80  pm 
(D  and  G),  40  pm  (E,  F,  and  I),  30  pm  (H). 


Identification  of  Hifl  as  a  survival  cue  to  newborn  neurons  and  a  determinant  of  dendritic 

growth 
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To  examine  Hifla  mRNA  level,  we  performed  endpoint  RT-PCR  from  cDNA  generated  from 
CRE-electroporated  (ipsilateral)  and  contralateral  olfactory  bulb  (OB)  of  P21  Tscla/mut/R26R 
mice.  Five  sets  of  primers  were  designed  to  amplify  Hifla  mRNA  transcripts  using  RT-PCR. 
Two  of  the  five  primers  amplified  the  predicted  size  product  with  no  genomic  DNA 
contamination  or  primer  dimers  (Fig.  7A)  and  displayed  single  peak  melt  curves  (data  not 
shown).  Both  primer  sets  demonstrated  increases  in  Hifla  transcripts  in  the  OB  containing 
TsclDun  neurons.  To  better  quantify  the  increases,  we  performed  quantitative  (q)  RT-PCR  using 
the  standard  curve  method  with  the  most  sensitive  Hifla  primer  set  and  GAPDH  primer  for 
normalization.  There  was  a  3-fold  increase  in  the  Hifla  transcript  levels  in  the  OB  containing 
TsclnuU  neurons  compared  to  the  contralateral  OB  (Fig.  7B,  N=6  mice  for  each  condition, 
p<0.05).  This  increase  is  likely  underestimated  because  of  the  low  percentage  of  RFP+  neurons  in 
the  OB. 

Hifla  forms  a  heterodimer  with  ARNT  and  regulates  transcriptional  activity  of  genes 
containing  HIF  response  elements  (HRE)  within  the  promoter.  We  thus  examined  whether 
Hif la-dependent  gene  transcription  was  increased  in  the  OB  containing  TsclnuU  neurons.  We 
performed  in  vivo  gene  reporter  assays  by  co-electroporating  plasmids  encoding  CRE,  a 
constitutively  active  renilla  luciferase,  or  photinus  pyralis  luciferase  under  the  control  of  HRE  in 
7scifl/mut/R26R  and  73c/ll/wt/R26R  mice  (Fig.  7C).  The  HRE-luciferase  gene  reporter  activity 
was  significantly  increased  in  P28  OB  containing  Tsclnun  neurons  compared  to  OB  containing 
Tsclhet  neurons  (Fig.  7D,  n=18,  p<0.001,  mean=  3.1  vs.  0.4).  Collectively,  these  experiments 
show  that  Tscl  deletion  in  newborn  neurons  is  sufficient  to  increase  Hifla  levels  and  induce 
transcriptional  transactivation. 
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Figure  7:  Hifla  mRNA  and  activity  are  up-regulated  in  newborn  7sc7nu"  neurons.  (A)  Diagram  of 
coronal  OB  sections.  The  ipsilateral  section  contains  GFP+/RFP+  cells  that  contained  CRE  following 
electroporation  at  PI  in  the  SVZ.  (B)  PCR  gels  of  Hifla  cDNA  obtained  from  ipsilateral  (CRE+)  and 
contralateral  (CRE-)  P21  Tsc  /R26R  OB  using  two  primer  sets.  (C)  Bar  graphs  of  the  relative 
abundance  of  Hifla  mRNA  measured  by  qRT-PCR  and  obtained  from  ipsilateral  (CRE+)  and 
contralateral  OB  from  P28  Tscl/I/,mil/R26R  mouse.  (D)  Diagram  of  the  luciferase  vectors.  (E)  Bar  graphs 
of  the  relative  luciferase  activity  due  to  Hilfa  increase  in  CRE-containing  OB  from  P28  Tscla,v,t  and 
Tscl fl/mut  mice.  *:  p<0.05;  **:  p<0.01. 
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To  determine  the  function  of  supraphysiological  levels  of  Hifla,  we  performed  postnatal 
electroporations  of  a  Hifla  overexpression  vector  in  SVZ  cells  of  7sciwt/mut  mice.  For  control,  a 
GFP-encoding  vector  was  electroporated.  When  these  vectors  were  co-electroporated  with  HRE 
or  constitutively  active  luciferase  gene  reporters,  we  found  that  Hifla  overexpression  produced  a 
significant  4-fold  increase  in  HRE  transcriptional  activation  in  P28  OB  compared  to  GFP 
expression  (p<0.001,  n=ll  and  6,  respectively,  Fig.  8A).  Hifla  overexpression  produced  no 
obvious  migratory  defects  (data  not  shown).  Since  Tscl  knockout  has  been  reported  to  enhance 
dendrite  complexity  in  the  OB  and  cortex,  we  performed  sholl  analysis  of  Hifla-  or  GFP- 
expressing  granule  cell  dendrites  in  P28  coronal  OB  sections.  Hifla  overexpression  induced  a 
significant  increase  in  basal  dendrite  complexity  and  length  (n=23,  N=3  for  Hifla  and  n=30, 
N=3,  for  GFP,  Fig.  8C-E).  Thus,  Hifla  overexpression  in  Tsclhet  neurons  is  sufficient  to  induce 
transcriptional  transactivation  and  increase  the  dendritic  complexity  of  these  newborn  neurons. 


Figure  8:  Hifla  overexpression  increases  the 
dendritic  complexity  of  newborn  neurons.  (A) 

Diagram  of  the  vectors  used  in  Tsclwt/mut  mice. 
(B)  Bar  graphs  of  the  relative  luciferase  activity 
induced  by  Hilfa  overexpression  in  OB  from 
P28  7sc/wt/mut  mice.  (C)  Representative  examples 
of  traced  basal  dendrites  from  GFP  (control)-  or 
Hifl  a-overexprressing  granule  cells.  (D)  Number 
(#)  of  crossings  as  a  function  of  the  relative 
distance  from  traced  control  (while)  and  Hifla- 
overexpressing  (black)  granule  cells.  (E)  Bar 
graphs  of  the  basal  dendritic  length  in  control  and 
Hifla-overexpressing  cells.  *:  p<0.05;  **: 

p<0.01. 


To  assess  Hifl  function,  we  next  performed  Hifla  loss-of-function  experiments  by 
electroporating  vectors  encoding  shRNA  targeting  Hifla  (shHifla)  or  a  dominant  negative  form 
of  Hifla  (dnHifla).  These  vectors  or  control  vectors  were  co-electroporated  with  CRE-  and  GFP- 
encoding  plasmids  into  Tvc/Il  nu"/R26R  mice  (Fig.  9A).  Following  electroporation  of  either  one 
or  two  shHif la-encoding  vectors,  we  found  an  absence  of  GFP  fluorescence  in  the  OB  upon 
whole  brain  examination  at  P19  and  P28  (Fig.  9B  for  P19).  Closer  examination  of  OB  coronal 
sections  revealed  a  drastic  reduction  in  the  number  of  GFP+  shHif  la-expressing  TsclnuU  neurons 
per  section  compared  to  control  (0-5  instead  of  >500  cells  in  control,  N=16  at  P28  and  N=6  at 
PI  9,  Fig.  9C  and  D).  In  the  SVZ  of  the  same  mice,  electroporated  GFP+  cells  persisted  along  the 
lateral  ventricle  (Fig.  9E).  This  latter  result  suggests  that  Hifla  had  no  effect  on  SVZ  cell 
survival  in  agreement  with  the  low  levels  of  Hifla  immunostaining  in  the  postnatal  SVZ  (data 
not  shown).  Electroporation  of  the  dnHifla  also  significantly  reduced  the  number  of  TsclnuU 


13 


neurons  in  the  OB  compared  to  control  (P17,  p<0.001,  N=ll  and  N=ll,  Fig.  9F)  without  an 
obvious  change  in  the  SVZ  GFP+  cell  density  (data  not  shown).  These  data  suggest  that  Hifla  is 
required  in  a  cell-specific  manner  for  survival  of  newborn  TsclnuU  neurons. 


Figure  9:  Hifla  is  essential  for  the  survival  of 
newborn  TsclnuU  neurons.  (A)  Diagram  of  the 
vectors  used  in  Tscla  111111  R26R  mice.  (B)  Images  of 
PI 9  brain  hemispheres  from  control  or  shHifla 
electroporated  mice.  (C  and  D)  Confocal  images  of 
coronal  P19  OB  sections  containing  TsclnuU  cells 
expressing  a  control  (C)  or  Hifla  shRNA  (shHifla) 
(D).  shHifla  eliminated  TsclnuU  neurons.  (E) 
Confocal  images  of  SVZ  containing  TsclauU  cells 
expressing  a  control  shRNA  or  shHifla.  Same  mice 
as  in  (C  and  D).  (F)  Bar  graphs  of  the  relative 
number  of  TsclnuU  cells  containing  a  control  vector 
(grey)  or  dominant  negative  Hifla  (black).  P<0.01. 


Our  ongoing  work  to  be  pursued  during  the  next  funding  cycle  is  to: 

(1)  Analyzing  cortical  excitability  of  the  tuber  and  peri-tuberal  cells.  Our  preliminary  data 
suggest  that  enlarged,  dysplastic  tuber  neurons  are  synaptically  integrated.  They  receive 
functional  synaptic  inputs  and  generate  spikes  as  measured  using  whole  cell  patch  clamp 
recordings  (data  not  shown). 

(2)  To  identify  additional  molecules  whose  expression  is  altered  in  Tsclnul1  neurons  in  the  lesions 
and  contribute  to  lesion  formation.. 


Key  Research  Accomplishments 

-  generation  of  subependymal  nodules  and  migratory  heterotopia  in  olfactory  structures 

-  identification  of  olfactory  circuit  abnormalities  following  Tscl  removal  in  neonatal  neuroal 
progenitor  cells;  these  defects  include  hypertrophic  dendritic  tress,  ectopic  neuronal  location, 
and  micronodule  formation. 

-  identification  of  Hifl  as  a  survival  factor  for  newborn  neurons  including  TsclnuU  neurons. 

-  novel  findings  showing  that  Hifl  overexpression  leads  to  hypertrophic  dendrites 
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-  ongoing  analysis  of  the  biophysical  properties  of  cells  in  and  surrounding  cortical  tubers 


Reportable  Outcomes 

Peer-Reviewed  Manuscripts 

Our  new  findings  have  recently  been  published  in  Human  Molecular  Genetics  (Impact  factor: 

7.636).  In  addition,  we  have  two  other  articles  to  revise,  one  for  Human  Molecular  Genetics  and 

one  Journal  of  Neuroscience.  Since  last  year,  a  commentary  was  also  published  in  Epilepsy 

Currents  on  our  JCI  paper.  We  have  also  been  asked  to  write  a  review  for  Trends  in 

Neuroscience  regarding  adult  and  neonatal  neurogenesis  that  includes  a  discussion  on  our  recent 

findings  in  neonates  after  Tscl  removal.. 

Recent  publications 

Feliciano  DM,  Quon  JL,  Su  T,  Taylor  MM,  Bordey  A.  Postnatal  neurogenesis  generates 
heterotopias,  olfactory  micronodules  and  cortical  infiltration  following  single-cell  Tscl 
deletion.  Human  Molecular  Genetics  (2012)  21:799-810. 

Feliciano  DM,  Zhang  S,  Quon  JL,  and  Bordey  A.  Hypoxia-inducible  factor  la  is  a  Tscl- 
regulated  survival  factor  in  newborn  diseased  neurons.  Under  revision  for  Human  Molecular 
Genetics. 

Feliciano  DM  and  Bordey  A.  Neurons  in  a  haystack:  Evidence  of  Postnatal  Cortical 
Neurogenesis.  Under  minor  revision  for  Trends  in  Neuroscience. 

Recent  comment  regarding  our  JCI  paper  from  Dr.  Wong: 

Wong  M.  A  Tuber- ful  Animal  Model  of  Tuberous  Sclerosis  At  Last?  Epilepsy  Curr.  (2012) 
12:15-6. 


Previous  publications: 

Feliciano  D,  Bordey  A.  Mouse  model  of  tuberous  sclerosis  complex.  Medicine  et  Science  (Paris) 
(2011)27:383-330. 

Feliciano  D,  Su  T,  Lopez  J,  Platel  JC,  and  Bordey  A.  Single-cell  Tscl  knockout  during  murine 
corticogenesis  generates  tuber-like  lesions  and  reduces  seizure  threshold  without  astrogliosis. 
Journal  of  Clinical  Investigation  (2011)  121:1596-1607. 

Abstracts  for  the  2011-2012  funding  cycle 

Torres-Reveron  J  and  Bordey  A.  Autism  and  Epilepsy.  Yale  Epilepsy  Retreat  (2011). 

Lafourcade  C,  Lin  T,  Bordey  A.  Alterations  on  synaptic  circuits  by  disruption  of  the  mTOR 
pathway.  The  summit  on  Drug  Discovery  in  TS  and  Related  disorders  (201 1). 

Feliciano,  DM,  Quon,  J,  Su,  T,  Bordey  A.  Focal  Postnatal  Tscl  recombination  in  the 
Sub  ventricular  Zone  induces  mTOR  pathway  activation,  reduces  neuroblast  migration  rates, 
and  generates  ectopically  localized  neurons.  The  summit  on  Drug  Discovery  in  TS  and 
Related  disorders  (201 1). 

Feliciano,  DM.  Investigators'  Workshop:  What's  Next?  A  Young  Investigator  Workshop 

Title:  Focal  Models  of  Tuberous  Sclerosis  Complex.  American  Epilepsy  meeting,  Baltimore 

(2011). 
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Lafourcade  C,  Lin  T,  Bordey  A.  Alterations  on  synaptic  circuits  by  disruption  of  the  mTOR 
pathway.  Society  of  Neuroscience  (2012). 

Feliciano  D,  Quon  J,  Zhang  L,  Bordey  A.  Identification  of  Hifla  functions  in  a  mouse  model  of 
tuberous  sclerosis  complex.  Cold  Spring  Harbor  meeting  on  PTEN  pathway  and  targets 
(2012). 

Transgenic  mice 

Several  mouse  lines  have  been  crossed  to  generate  a  new  mouse  line.  This  line  has  been 
published  and  is  available  to  other  researchers  at  Yale  and  other  institutions. 

The  crossed  lines  consist  of: 

Rosa26R-tdTomato  reporter  mouse  x  7A7n  n  x  Tsclwt/mut 
Rosa26R-tdTomato  reporter  mouse  x  Tsclnm  x  nestin-CreERTl 

The  Rosa26R-tdTomato  and  Tsclam  mice  were  purchased  from  Jackson  Laboratories. 

The  Tsclwt/mut  mice  were  obtained  from  the  National  Cancer  Institute. 

Nestin-CreERT2  mice  were  obtained  from  Dr.  Amelia  Eisch. 


Conclusions 

In  conclusion,  we  showed  that  focal  Tscl  knockout  in  neonatal  SVZ  stem  cells  results  in 
mTOR  pathway  activation  and  migratory  alterations  characterized  by  SEGA,  heterotopia  along 
the  migratory  path,  olfactory  bulb  disorganization,  and  neuronal  misrouting  to  cortical  and 
subcortical  structures.  In  addition,  newborn  Tsclnuh  neurons  displayed  an  enhanced  dendritic 
tree.  The  consequences  of  these  abnormalities  on  network  function  remains  to  be  examined. 
Anyhow,  we  propose  that  neurogenesis  along  the  SVZ  progressively  contributes  to  alterations  in 
the  forebrain  during  the  neonatal  and  juvenile  period  resulting  in  progressive  circuit  disruption 
and  perhaps  neuropsychiatric  instability  in  patients  with  TSC  and  other  cortical  malformations. 

In  addition,  our  data  show  for  the  first  time  that  Hifla  acts  as  a  molecular  determinant  of 
newborn  neuron  survival  in  the  context  of  TSC.  This  finding  suggests  that  TSC  1 -dependent 
Hifla  up-regulation  gave  Tsclnutt  neurons  a  survival  advantage  despite  their  ectopic  location  in  a 
novel  microenvironment.  We  also  found  that  increases  in  Hifla  expression  and  activity  led  to 
marked  increase  in  the  dendritic  complexity  and  basal  dendrite  length  of  Tsclhet  neurons. 
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Appendix 

Our  new  findings  have  recently  been  published  in  Human  Molecular  Genetics  (Impact  factor: 
7.636).  In  addition,  we  have  two  other  articles  to  revise,  one  for  Human  Molecular  Genetics  and 
one  Journal  of  Neuroscience.  Since  last  year,  a  commentary  was  also  published  in  Epilepsy 
Currents  on  our  JCI  paper. 
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Neurological  symptoms  in  tuberous  sclerosis  complex  (TSC)  and  associated  brain  lesions  are  thought  to 
arise  from  abnormal  embryonic  neurogenesis  due  to  inherited  mutations  in  Tscl  or  Tsc2 .  Neurogenesis  per¬ 
sists  postnatally  in  the  human  subventricular  zone  (SVZ)  where  slow-growing  tumors  containing  7somutant 
cells  are  generated  in  TSC  patients.  However,  whether  Tsomutant  neurons  from  the  postnatal  SVZ  contribute 
to  brain  lesions  and  abnormal  circuit  remodeling  in  forebrain  structures  remain  unexplored.  Here,  we  report 
the  formation  of  olfactory  lesions  following  conditional  genetic  Tscl  deletion  in  the  postnatal  SVZ  using 
transgenic  mice  or  targeted  single-cell  electroporation.  These  lesions  include  migratory  heterotopias  and 
olfactory  micronodules  containing  neurons  with  a  hypertrophic  dendritic  tree.  Most  significantly,  our  data 
identify  migrating  glial  and  neuronal  precursors  that  are  re-routed  and  infiltrate  forebrain  structures  (e.g. 
cortex)  and  become  glia  and  neurons.  These  data  show  that  7sc7-mutant  cells  from  the  neonatal  and  juvenile 
SVZ  generate  brain  lesions  and  structural  abnormalities,  which  would  not  be  visible  using  conventional  non- 
invasive  imaging.  These  findings  also  raise  the  hypothesis  that  micronodules  and  the  persistent  infiltration  of 
cells  to  forebrain  structures  may  contribute  to  network  malfunction  leading  to  progressive  neuropsychiatric 
symptoms  in  TSC. 


INTRODUCTION 

Tuberous  sclerosis  complex  (TSC)  is  an  autosomal  dominant 
disorder  that  is  associated  with  lesions  in  many  different 
organs  including  in  the  kidney,  skin,  heart  and  brain.  The 
incidence  of  TSC  is  estimated  between  1:6000  and  1:10  000 
individuals  (1).  TSC  is  caused  by  inactivating  mutations  in 
one  of  two  tumor  suppressor  genes,  TSC1  and  TSC2 ,  which 
encode  hamartin  and  tuberin,  respectively,  and  lead  to  hyper¬ 
activity  of  the  mammalian  target  of  rapamycin  (mTOR)  (2). 
Although  TSC  affects  many  organ  systems,  the  neurological 
symptoms  (e.g.  seizures,  autism,  psychiatric  problems)  cause 
the  most  significant  disability  and  morbidity  (3-6). 

Neurological  symptoms  in  TSC  result  from  anomalies  in 
brain  development,  in  particular  cortical  neurogenesis, 
leading  to  an  abnormal  circuitry  and  the  formation  of  brain 
lesions  (7-16).  These  lesions  are  thought  to  occur  in  utero 


when  cortical  neurons  are  generated  and  migrate  to  their 
final  location  (8).  Indeed,  cortical  lesions  have  been  detected 
as  early  as  19  weeks  of  gestation  in  humans  (17)  and  were  gen¬ 
erated  following  Tscl  deletion  in  embryonic  neural  progenitor 
cells  and  developing  neurons  (9).  Neurogenesis,  however, 
does  not  stop  at  birth,  but  persists  in  selective  regions  of  the 
neonatal  and  adult  brain  in  all  species  examined,  including 
humans  (18-21).  This  continual  generation  of  new  neurons 
confers  plasticity  at  the  cellular  and  circuit  levels.  It  also 
raises  the  possibility  that  postnatal  neurogenesis  in  individuals 
with  TSC  could  contribute  to  specific  brain  lesions  and  abnor¬ 
mal  circuit  remodeling  (7,22). 

The  subventricular  zone  (SVZ)  along  the  lateral  ventricle 
and  the  hippocampal  subgranular  zone  of  the  dentate  gyrus 
are  sites  of  active  neurogenesis  throughout  life  (21,23).  The 
SVZ  contains  the  largest  pool  of  neural  progenitor  cells  in 
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the  adult  human  brain  and  span  the  entire  cerebrum 
(19,24-26).  During  the  neonatal  period,  the  SVZ  generates 
both  neurons  and  glia,  and  essentially  neurons  in  adults  (27). 
Newborn  neuroblasts  migrate  to  the  olfactory  bulb  where 
they  differentiate  into  intemeurons  (19,20,28).  A  subset  of 
these  neurons  also  migrates  to  cortical  and  subcortical  struc¬ 
tures  most  prominently  during  the  neonatal  period  (29-31). 
Individuals  with  TSC  display  lesions  (referred  to  as  nodules 
or  hamartomas)  in  the  forebrain,  such  as  the  olfactory  and 
basal  ganglia  structures  (32-38).  In  addition,  they  display 
SVZ  nodules  and  giant  cell  subependymal  astrocytomas 
(SEGAs)  that  have  been  recently  generated  in  mice  by  delet¬ 
ing  Tscl  in  neonatal  neural  progenitor  cells  (39-41).  Collect¬ 
ively,  these  pieces  of  evidence  suggest  that  Tscl nul1  neurons 
are  continuously  generated  from  the  postnatal  SVZ,  but  their 
contribution  to  olfactory  lesions  and  alterations  in  surrounding 
neuronal  circuits  remain  unexplored. 

Using  genetic  tools  including  conditional  transgenic  mice 
and  single-cell  genetic  targeting,  we  report  that  olfactory 
lesions  (i.e.  heterotopic  and  micronodules)  are  generated 
from  the  postnatal  SVZ.  In  addition,  we  found  a  continual 
infiltration  of  cells,  including  neurons  and  glia,  from  the 
migratory  stream  to  cortical  and  subcortical  areas.  This 
finding  raises  new  questions  regarding  the  contribution  of 
micronodules  and  ectopic  migration  to  progressive  circuit 
disruptions  during  neonatal  and  perhaps  adult  life  in  patients 
with  TSC  and  other  genetic  disorders  associated  with  cortical 
malformation. 


RESULTS 

Neonatal  Tscl  deletion  using  nestin-CreERT2  mice  leads 
to  olfactory  lesions  and  the  presence  of  enlarged  neurons 
in  the  cortex 

To  examine  whether  postnatal  neurogenesis  contributes  to 
olfactory  lesions,  we  used  conditional  transgenic  mice  as 
recently  reported  to  induce  SVZ  nodules  and  SEGA  (41). 
Loss  of  heterozygosity  in  SVZ  cells  was  achieved  using 
mice  expressing  Tscl  alleles  flanked  by  LoxP  sites  (floxed, 
fl)  crossed  with  nestin-CreERT2/R26R-YFP  mice  to  generate 
r^c7fl/fl/nestinCreERT2  mice  (Fig.  1A)  (12,42).  These  nestin- 
CreERT2  mice  have  been  used  to  induce  selective  recombin¬ 
ation  in  cells  of  the  neurogenic  zones  in  adults  (43).  In 
neonates,  nestin  is  also  expressed  in  astrocytes  and  progres¬ 
sively  disappears  as  they  mature  and  acquire  glial  fibrillary 
acidic  protein  (GFAP)  in  rodents.  Upon  tamoxifen  injection 
in  rsr7M/nestinCreERT2,  nestin-expressing  cells,  including 
SVZ  cells  and  astrocytes,  are  expected  to  lose  Tscl  and 
express  YFP.  Control  mice  were  Tkcy^Vnestin0^1^2 
(wild-type,  wt). 

Tamoxifen  was  injected  at  P7  (two  injections)  and  brains 
were  collected  at  postnatal  day  (P)  28.  To  examine  whether 
recombination  at  the  Tscl  allele  occurred,  we  prepared 
genomic  DNA  from  the  P28  cortex  from  Tscl  fl/fl/nestinCreERT2 
mice.  We  detected  a  Tscl -mutant  allele  band,  suggesting  suc¬ 
cessful  recombination  ( n  =  3,  Fig.  IB).  In  addition,  as  recently 
reported,  7kc7fl/fl/nestinCreERT2  mice  displayed  GFAP-  and 
RC2-rich  SEGA-like  lesions  in  the  ventral  SVZ  (Fig.  ID, 


GFAP  not  shown,  locations  shown  on  the  diagram  in 
Fig.  1C)  (41).  RC2  is  a  radial  glial  cell  marker  (44). 

Every  Tscl^/nQstm0^^12  mouse  displayed  small  YFP+ 
lesions  along  the  migratory  tract  taken  by  newborn  neurons 
to  reach  the  olfactory  bulb,  the  rostral  migratory  stream 
(RMS)  (n  =  5,  Fig.  1C  and  E,  red  circle).  These  lesions  con¬ 
sisted  in  the  accumulation  of  5-20  YFP+  cells  that  were  not 
observed  in  Tkcy^^/nestin^1^1112  mice  (n  =  3,  Fig.  IE). 
Strikingly,  YFP+  cells  were  also  visible  throughout  the 
cortex  in  rsc7^fl/nestinCRERT2  mice  (Fig.  IF),  in  the  AON, 
and  around  the  anterior  commissure  (data  not  shown). 
Closer  examination  of  these  cells  revealed  the  presence  of 
bushy  cells  with  an  astrocytic  morphology  and  cells  with  a 
pyramidal  neuron  morphology  (Fig.  1G  for  neurons).  While 
YFP+  astrocytes  were  also  observed  in  the  cortex  of  Tscl fl/ 
^/nestin^^12  mice,  YFP+  neurons  were  rarely  detected 
(1-2  per  section,  data  not  shown). 

These  data  suggest  that  lesions  in  the  olfactory  migratory 
tract  can  form  postnatally.  In  addition,  ectopic  neurons  were 
found  in  the  cortex  of  TsclWf[  mice.  To  identify  whether 
cells  in  the  lesions  and  the  cortex  were  generated  in  the 
SVZ,  we  used  an  alternative  approach,  neonatal  electropor¬ 
ation.  This  method  also  allows  genetic  manipulations  of  a 
small  group  of  cells  as  opposed  to  global  modification  using 
transgenic  mice.  In  addition,  we  used  mice  expressing  an  fl 
and  a  mutant  Tscl  allele  (7kc7fl/mut)  because  individuals 
with  TSC  inherit  a  viable  and  a  mutant  Tscl  (or  Tsc2) 
allele.  Tscl^wt  mice  (wt  for  wild-type)  were  control 
littermates. 

Targeted  Tscl  removal  and  mTOR  activation  in  newborn 
neurons  via  neonatal  electroporation 

Neonatal  electroporation  allows  precise  targeting  of  plasmids 
into  neural  progenitor  cells  lining  the  lateral  ventricle  (45). 
These  progenitor  cells  generate  neurons  that  migrate  to  the 
olfactory  bulb  via  the  RMS  and  are  synaptically  mature  by 
3-4  weeks  after  birth  (46).  We  used  Tscl  mice  crossed  with 
R26R-Stop-RFP  mice  (RFP,  red  fluorescent  protein). 
In  7kc7fl/mut/RFP  mice,  Cre  recombinase  (Cre)  expression  is 
expected  to  lead  to  TSC1  loss  and  RFP  expression 
(Fig.  2A).  RFP+  neurons  are  thus  expected  to  be  Tsclnul1 
while  surrounding  RFP-  neurons  are  Tsclhapl°  (haplo  for 
haploinsufficient) . 

Cre-  and  GFP-encoding  plasmid  were  electroporated  into 
SVZ  progenitor  cells  at  P0-1  resulting  in  visible  GFP  fluores¬ 
cence  1-day  post-electroporation  (Fig.  2B  and  C)  (45,47).  GFP 
allows  to  birth-mark  neurons  bom  during  the  first  7-10  days 
post-electroporation  because  GFP  is  diluted  as  cells  divide 
while  RFP  is  permanently  expressed  (45)  (Fig.  2D).  As  a 
result,  RFP+  but  not  GFP+  newborn  neurons  continuously 
accumulate  in  the  circuit  (Fig.  2E).  To  test  for  recombination 
at  the  Tscl  allele,  we  prepared  genomic  DNA  from  P7  ipsilat- 
eral  (i.e.  containing  RFP+  cells)  and  contralateral  olfactory 
bulbs  from  7^c/n  n/RFP  mice.  A  Tscl  mutant  allele  band  was 
detected  only  in  the  ipsilateral  olfactory  bulb,  suggesting  that 
Tscl  was  removed  in  RFP+  cells  ( n  =  3,  Fig.  2F).  Next,  we  per¬ 
formed  reverse  transcription  polymerase  chain  reaction  (RT- 
PCR)  for  Tscl  and  western  blot  analysis  from  P28  olfactory 
bulb  (OB)  when  Tsclnul1  neurons  have  accumulated  in  the  OB 
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Figure  1.  Postnatal  deletion  of  Tscl  using  inducible  transgenic  mice.  (A)  The  diagram  illustrating  the  inducible  transgenic  mouse  line  used  to  delete  Tscl  (i.e. 
null)  and  express  YFP  in  nestin-expressing  cells  and  their  progeny  following  tamoxifen  injection  at  P7.  (B)  PCR  gels  from  genomic  DNA  obtained  from  a  P28 
olfactory  bulb  following  tamoxifen  at  P7.  A  mutant  band  in  addition  to  the  fl  band  is  visible.  (C)  The  diagram  illustrating  the  locations  of  the  images  shown  in 
(D)  (ventral  SVZ,  green  square)  and  in  (E)  (RMS,  green  square,  for  Tscl ^  and  black  square  for  Tsci/wt)  on  a  sagittal  section.  LV,  lateral  ventricle;  SVZ, 
subventricular  zone;  OB,  olfactory  bulb;  RMS,  rostral  migratory  stream.  (D)  The  P28  image  of  the  RC2  (red)-rich  SVZ  nodule  containing  YFP+  Tsclnul1 
cells  following  tamoxifen-induced  recombination  at  P7.  (E)  Confocal  images  of  YFP-immunopositive  cells  in  the  RMS/RMS-OB  of  Tsc  1 ff/wt/ nestinCreERT2 
and  RMS  of  Tscl fl/fl/nestinCreL:RT2  following  tamoxifen  injections  at  P7.  The  dotted  orange  lines  highlight  small  clusters  of  misplaced  cells  in  the  RMS. 
(F  and  G)  Confocal  images  of  YFP+  cells  (low  and  high  magnifications)  in  the  cortex  of  Tsc  1  fl/fi/nestinCreERT2  mice.  Scale  bars:  70  |xm  (D,  E  and  G)  and 
200  pm  (F). 


for  over  3  weeks,  which  increase  our  chance  to  detect  changes 
in  mRNA  and  protein  levels.  End-point  and  quantitative 
RT -PCR  for  Tscl  illustrated  that  there  was  a  30-40%  decrease 
in  Tscl  mRNA  in  the  ipsilateral  versus  the  contralateral  Tscln/ 
mut  olfactory  bulb  (n  =  3,  P28,  Fig.  2G).  Western  blot  illustrates 
a  decrease  in  TSC1  (hamartin)  expression  in  Tscln/mut 
compared  with  TsclWwt  ipsilateral  olfactory  bulbs  (Fig.  2H). 


mTOR  hyperactivity  results  in  elevated  phosphorylation  of 
ribosomal  protein  S6  (pS6)  and  4E-BP.  We  immunostained 
for  pS6  (Ser  240/244)  in  P28  olfactory  bulb  sections.  In 
Tscl ^  mice,  RFP+  neurons  displayed  a  significant  115% 
increase  in  pS6  staining  intensity  compared  with  surrounding 
RFP-  neurons  (P  <  0.001,  Fig.  3A-D).  In  contrast,  4E-BP 
phosphorylation  was  not  altered  (data  not  shown).  There  was 
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Figure  2.  Postnatal  deletion  of  Tscl  using  neonatal  electroporation  and  the  Cre-Lox  system.  (A)  Schematic  describing  the  loss  of  one  or  two  Tscl  alleles  in  cells 
containing  a  plasmid  encoding  Cre:GFP  under  the  CAG  promoter  that  is  expressed  through  neonatal  electroporation  in  Tscln/wt/R26R  and  Tscl n/mut/R26R,  re¬ 
spectively.  Cells  containing  the  pCAG-Cre:GFP  also  express  RFP.  (B)  The  diagram  illustrating  the  principle  of  neonatal  electroporation  of  a  plasmid  into  neural 
progenitor  cells  lining  the  lateral  ventricle.  (C)  Images  of  PI-  and  P28  fixed  brains  containing  RFP+  cells  in  the  ipsilateral  olfactory  bulb.  (D)  The  diagram 
illustrating  the  migratory  path  and  the  final  location  of  newly  bom  cells  3  weeks  post-electroporation  (wpe).  RFP  expression  persists  permanently  due  to  its 
genomic  integration  (R26R  mice),  while  GFP  expression  from  either  a  pCAG-GFP  or  pCAG-Cre:GFP  is  diluted  in  newly  born  cells  due  to  successive  cell  div¬ 
ision.  As  a  result,  only  cells  bom  during  the  first  7-10  days  express  GFP.  (E)  The  confocal  image  of  RFP+  and  GFP+  newly  bom  cells  in  a  coronal  olfactory  bulb 
section.  RFP+/GFP+  cells  outnumber  RFP+/GFP_  cells.  Scale  bar:  70  pan.  (F)  PCR  gels  from  genomic  DNA  obtained  from  the  ipsilateral  (mRFP-containing 
cells)  and  contralateral  olfactory  bulb  from  P7  Tscl  wn/R26R  and  Tscl  wt/mut/R26R  mice  electroporated  at  PI.  (G)  PCR  gels  of  Tscl  and  Gapdh  cDNA  obtained 
from  the  ipsilateral  and  contralateral  P28  Tscln/mut/R26R  olfactory  bulb.  All  the  gels  were  mn  on  the  same  blots.  (H)  Western  blots  of  TSC1  (hamartin)  and 
GAPDH  obtained  from  ipsilateral  P28  TsclWwt/R26R  and  Tsc/fl/mut/R26R  olfactory  bulbs. 


no  difference  in  pS6  staining  intensity  in  RFP+  compared  with 
RFP-  neurons  from  Tscl Wwt  mice  (data  not  shown).  Another 
well-known  consequence  of  mTOR  hyperactivity  is  an 
increase  in  cell  size  that  was  visible  in  Tscl™1 1  neurons 
(Fig.  3C).  RFP  and  4/,6-diamidino-2-phenylindole  (DAPI) 
counterstain  were  used  to  quantify  soma  and  nuclei  size  in 
7sc7fl/mut  mice  (Fig.  3E  and  F).  RFP+  Tscl™11  neurons  were 
~3  times  larger  than  RFP-  neurons  and  their  nuclei  55% 
larger  (P  <  0.001,  Fig.  3G). 

Collectively,  neonatal  electroporation  is  an  effective 
method  to  induce  Tscl  deletion  in  newborn  neurons  leading 
to  mTOR  pathway  activation  and  cytomegally. 

Tsclnul1  cells  form  the  migratory  heterotopia 
in  and  out  of  the  RMS 

Gross  examination  of  sagittal  sections  from  P28  Tsc  1 n/mut 
mice  revealed  the  presence  of  the  migratory  heterotopia, 
defined  by  the  ectopic  location  or  misplacement  of  groups  of 
Tscl™11  cells.  Examination  of  sagittal  sections  at  low 


magnification  led  us  identification  of  the  heterotopia  in  all 
animals  examined  (n  =  13)  that  were  found  at  three  major 
locations:  in  the  RMS  both  at  its  entry  point  caudally  and  at 
the  interface  RMS  and  RMS-OB,  in  the  RMS-OB  and  adjacent 
to  the  RMS  in  the  AON  as  well  as  near  the  anterior  commis¬ 
sure  olfactory  limb  (Fig.  4A  and  B,  black  rectangles  indicate 
the  location  of  the  heterotopia).  No  migratory  heterotopias 
were  visible  in  electroporated  7sc7fl/wt/R26R  mice  (data  not 
shown). 

Closer  examination  of  the  heterotopia  revealed  two  categor¬ 
ies,  some  with  an  apparent  mixed  neuroglial  phenotype 
(Fig.  4C-G)  and  some  with  a  neuronal  phenotype  (Fig.  4H 
and  I).  The  mixed  neuroglial  phenotype  was  visible  due  to 
the  presence  of  a  meshwork  of  lamelipodia-like  processes 
giving  a  nodular  appearance  or  the  presence  of  cells  with 
neuronal  or  glial  morphology  (Fig.  4C).  Heterotopia  with  a 
lamelipodia-like  structure  was  preferentially  found  in  the 
AON  as  shown  in  Figure  4B  and  C.  Heterotopia  in  the  RMS 
and  RMS-OB  displayed  cells  with  an  astrocytic  (bushy),  a 
neuronal  morphology  or  an  undifferentiated  morphology 
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Figure  3.  Tscl  knockout  hyper-activates  the  mTOR  pathway  and  leads  to  cytomegaly.  (A)  The  diagram  of  a  coronal  olfactory  bulb  section  with  the  black  square 
indicating  the  approximate  location  of  the  image  in  (B)  and  (C).  (B  and  C)  Confocal  images  of  RFP  fluorescence  (red)  and  phospho-S6  immunostaining  (green). 
Arrows  point  to  neurons  with  an  enlarged  pS6  soma.  (D)  The  bar  graph  of  the  pS6  intensity  of  all  RFP+  neurons  as  a  %  of  control  RFP-  neurons  (mean  +  SEM, 
f-test).  (E  and  F)  Confocal  images  of  RFP  fluorescence  (red)  and  NeuN  immunostaining  (green,  E)  and  DAPI  counterstain  (black,  F).  (G)  Bar  graphs  of  the 
NeuN+  soma  area  and  the  nuclear  area  as  a  %  of  control.  Scale  bars:  30  |jim  (B  and  C)  and  20  |jum  (E  and  F). 


(Fig.  4D-G).  Some  cells  stained  for  the  astrocytic  marker 
GFAP  (data  not  shown).  Cells  with  a  neuronal  morphology 
displayed  extensive  dendrites  with  spines  and  a  thin  process 
identified  as  an  axon  by  the  presence  of  varicosities  (white 
arrows,  Fig.  4E-G).  Cells  forming  the  heterotopia  displayed 
enlarged  cells  body  compared  with  surrounding  cells,  in 
particular  doublecortin  (DCX)-immunopositive  neuroblasts 
in  the  RMS  (Fig.  4F  and  G,  DCX  staining  not  shown). 

Mixed  phenotype -heterotopia  comprised  GFP+  and  GFP-/ 
RFP+  cells.  In  wt  mice,  GFP+  cells,  which  are  bom  between 
P0  and  P10,  should  have  reached  the  olfactory  bulb  by  P28 
(see  45  for  more  details).  Indeed  in  Tscl^^/KIGR.  mice, 
only  8%  of  the  RFP+  cells  were  GFP+  in  the  RMS  (23/250 
cells,  n  =  3  mice).  In  contrast,  we  found  that  22%  of 
Tsclnun  RFP+  cells  were  GFP+  cells  in  the  RMS  (280/1092 
cells,  n  =  3,  P  <  0.0001,  Fisher’s  exact  test).  Thus,  heteroto¬ 
pia  contained  early  bom  GFP+  cells  that  are  stalled  in  the 
RMS  and  may  thus  trap  late  born  cells  as  well  as  dismpt 
their  migratory  path. 

Heterotopia  comprised  of  3  - 1 5  cytomegalic  neurons  is  also 
visible  along  the  RMS-OB  and  more  specifically,  in  the  anter¬ 
ior  commissure  olfactory  limb  (Fig.  4H  and  I).  These  cells 
displayed  a  neuronal  morphology  and  were  NeuN  and  pS6 
immunopositive  (data  not  shown).  The  majority  of  these 
ectopic  neurons  were  GFP+  and  thus  early  bom  (Fig.  4H). 


Tsclnul 1  cells  in  the  RMS  display  abnormal  morphology 
and  are  slow  or  stalled 

Outside  the  heterotopia,  the  RMS  of  P28  7kc7fl/mut/R26R  mice 
appeared  more  disorganized  compared  with  that  of  7kc7fl/wt/ 
R26R  mice  (Fig.  5 A  and  B).  This  appearance  was  due  to  the 
presence  of  cells  with  a  more  complex  morphology  and 
enlarged  soma  scattered  along  the  RMS  (arrows,  Fig.  5B). 
As  a  mean,  Tsclnun  cells  had  one  more  process  than  Tsclhap  ° 
cells  (a  mean  of  2.2  ±  0.2  versus  1.4  +  0.1,  P  <  0.05, 


Fig.  5C).  Complex  Tsclnul{  cells  were  DCX-,  while  morpho¬ 
logically  simpler  cells  were  DCX+  identifying  them  as 
neuroblasts  (data  not  shown). 

Next,  we  performed  a  migration  assay  in  acute  sagittal 
slices  from  the  RMS  of  P21  mice  (45,47).  Tsclhapl°  neuro¬ 
blasts  migrated  at  a  54.4  +  2.2  p,m/h,  which  is  similar  to  a  pre¬ 
viously  reported  value  for  neuroblast  migration  in  wt  mice 
(47-49).  Tsclnul{  neuroblasts  migrated  at  37.1  ±  2.5  p,m/h 
and  were  thus  33%  slower  than  Tsclhapl°  cells  (128  and  83 
cells,  P<  0.0001,  Fig.  5D).  Tsclnul 1  cells  with  a  complex 
morphology  were  stationary. 

We  also  found  scattered  Tsclnul 1  giant  cells  characterized  by 
a  soma  size  3-4  times  larger  than  that  of  other  Tsclnul1  cells 
(Fig.  5E).  These  cells  had  a  disheveled  morphology,  were 
NeuN  negative  and  contain  multiple  nuclei  (Fig.  5E-G). 
Two  nuclei  can  be  appreciated  in  Figure  5G  and  H.  A 
mean  of  five  giant  cells  were  found  per  RMS  of  7kc7fl/mut/ 
R26R  mice,  while  none  was  seen  in  the  RMS  of  Tscl fl/wt/ 
R26R  mice. 


Micronodules  throughout  the  olfactory  bulb  containing 
neurons  with  a  hypertrophic  dendritic  tree 

Upon  entering  the  olfactory  bulb,  the  majority  of  newborn 
neurons  integrate  in  the  granule  cell  layer.  Ultimate  circuit  for¬ 
mation  depends  on  proper  cell  placement  and  morphogenesis. 
We  thus  examined  the  overall  organization  of  granule  cells 
and  their  dendritic  arbor.  In  coronal  olfactory  bulb  sections, 
the  overall  cell  distribution  was  disrupted  in  7kc7fl/mut/R26R 
compared  with  Tscl fl/wt/R26R  mice  (Fig.  6A  and  B).  This  is 
in  addition  to  obvious  increase  in  the  size  of  Tsclnul 1  cells  as 
measured  in  Figure  2.  Perhaps,  more  visible  in  sagittal  sections 
was  the  apparent  clumping  of  cytomegalic  Tsclnul1  cells 
(Fig.  6D),  while  Tsclhapl°  cells  were  equally  distributed 
(Fig.  6C).  To  quantify  the  disorganization  of  granule  cells, 
we  performed  nearest  neighbor  calculations  in  which  the 
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Figure  4.  TscTuU  cells  form  the  migratory  heterotopia  in  and  out  of  the  RMS.  Low  magnification  photographs  of  RMS/RMS-OB  (A)  and  AON  (B)  lesions 
containing  RFP+  cells  in  sagittal  sections  of  TsclWmut/R26R  mice  electroporated  at  PI  with  pCAG-Cre:GFP  and  pCAG-GFP.  The  black  rectangles  illustrate 
the  approximate  locations  of  images  shown  in  (C)-(E).  (C)  The  confocal  image  of  a  lesion  in  the  AON,  the  location  of  which  is  shown  in  (B).  The  lesion  con¬ 
tains  RFP+/GFP+  and  RFP+/GFP_  cells.  (D-G)  Confocal  Z-stack  images  of  lesions  in  the  RMS-OB  (D)  and  RMS  (E  and  F),  the  locations  of  which  are  shown 
in  (A).  G  is  a  zoom  and  smaller  Z-stack  of  the  region  in  the  white  rectangle  in  F.  Blue  arrows  (D  and  E)  point  to  cells  with  an  immature  morphology.  White 
arrows  (E,  F  and  G)  point  to  some  neurons.  The  arrowhead  (E  and  G)  points  to  examples  of  cells  resembling  astrocytes.  Yellow  arrows  (in  G)  point  to  neuro¬ 
blasts.  (H  and  I)  Confocal  Z-stack  images  of  neuronal  heterotopias  in  the  aco  of  the  olfactory  bulb  in  a  coronal  section  (GFP+  neurons  in  green  and  DAPI  in  blue, 
H)  and  the  neuronal  heterotopia  in  the  AON  (black,  I).  Scale  bars:  700  |jim  (A  and  B),  40  |jim  (C),  35  |jim  (D),  50  |jim  (E  and  G)  and  70  |jim  (F,  H  and  I),  aco, 
anterior  commissure,  olfactory  limb;  AOB,  accessory  olfactory  bulb;  AON,  accessory  olfactory  nucleus;  aco:EP,  doral  endopiriform  cortex;  ORB,  orbital  cortex. 


density  of  cells  and  the  distance  between  each  were  measured 
(Fig.  6E).  These  measurements  were  compared  with  a  theoret¬ 
ical  Poisson  distribution.  The  difference  between  the  theoretic¬ 
al  and  experimental  values  in  TsclWmut/R26R  mice  was 
significantly  lower  than  that  in  TsclWwt/R26R  mice 
(R  =  4.2  +  1.2,  n  =  10  versus  R  =  9.0  +  1.5,  n  =  12  sections, 
Fig.  6F),  suggesting  a  decreased  organization  in  the  Tscl Wmut 
olfactory  bulb  ( P  <  0.05). 

Another  observation  in  coronal  sections  was  the  hypertroph¬ 
ic  dendritic  tree  of  Tsclnul 1  granule  neurons  (Fig.  7 A).  Using 
Scholl  analysis  of  the  proximal  dendrites,  we  found  that 
the  number  of  dendritic  crossings  was  increased  in  Tsclnul1 
compared  with  Tsclhapl°  neurons  (Fig.  7B). 


Newborn  neurons  are  rerouted  to  cortical 
and  subcortical  areas 

Considering  that  cortical  neurons  were  observed  in  the  Tscl fl/ 
fl/nestinCreR  2,  we  examined  for  the  presence  of  neurons  in 
cortical  and  subcortical  structures  in  coronal  sections.  In  all 
Tscl fl/mut  brains  examined,  we  found  GFP+  neurons  in  the 
nucleus  accumbens  and  in  the  cortex  (Fig.  8).  The  majority 
of  neurons  were  GFP+  suggesting  that  they  were  born 
during  the  neonatal  period.  Such  neurons  were  absent  in  the 
Tsclfl/wt  brain  or  very  rare  (1  per  section  occasionally).  In 
the  nucleus  accumbens,  neurons  were  located  at  the  base  of 
the  lateral  ventricle  and  around  the  anterior  commissure 
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Figure  5.  Tscl™11  cells  in  the  RMS  display  a  hypertrophic  morphology  and  are  slow.  (A  and  B)  Confocal  Z-stack  images  of  RFP+  cells  in  the  RMS  of 
TsclWwt/R26R  and  TsclfUmut/R26R  mice.  Bar  graphs  of  the  number  of  processes  (C)  and  the  speed  of  RFP+  cell  migration  (D)  in  TsclfUwt/R26R  (gray) 
and  Tscln/mut/R26R  (black).  (E)  The  confocal  image  of  an  enlarged  RFP+  cells  (red)  and  NeuN  immunostaining  (blue)  in  the  RMS  sending  a  process  in  the 
accessory  olfactory  nucleus.  (F)  The  same  cell  as  in  (E)  in  black  and  white.  (G  and  H)  Projections  from  the  same  RFP+  cell  (red)  as  in  (E)  and  DAPI  counterstain 
(green,  alone  in  G)  to  illustrate  the  presence  of  two  nuclei.  Scale  bars:  50  |jim  (A  and  B),  30  fjum  (F)  and  40  fim  (G). 


(Fig.  8B  and  C).  GFP+  cells  were  identified  as  neurons  based 
on  NeuN  immunostaining.  In  the  cortex,  10-15  neurons  were 
found  per  sections.  Neurons  occurred  in  clusters  of  2-6  and 
were  located  in  the  deep  cortical  layers  and  in  layer  II 
(Fig.  8D-I).  Cortical  neurons  display  an  extensive  dendritic 
tree  with  spines  as  well  as  a  thin  process  with  varicosities 
resembling  an  axon. 

DISCUSSION 

Here,  we  show  that  focal  Tscl  knockout  in  the  postnatal  SVZ 
results  in  mTOR  pathway  activation  and  migratory  alterations 


characterized  by  the  heterotopia  along  the  migratory  path, 
olfactory  bulb  disorganization  and  neuronal  misrouting  to  cor¬ 
tical  and  subcortical  structures.  In  addition,  newborn  Tsclnul 1 
neurons  displayed  a  reduced  migration  rate  and  an  enhanced 
dendritic  tree. 

To  explore  whether  postnatal  neurogenesis  contributed  to 
some  of  the  lesions  observed  in  TSC  patients,  we  used  two 
strategies.  First,  we  used  inducible  transgenic  mice,  in  which 
tamoxifen  injections  led  to  Tscl  loss  in  nestin-expressing 
cells,  including  SVZ  cells.  This  resulted  in  the  formation  of 
SEGA-like  lesions  as  reported  recently  (41).  In  addition,  we 
found  small  heterotopias  (i.e.  clusters  of  misplaced  cells) 


Downloaded  from  http://hmg.oxfordjournals.org/  at  Yale  University  on  July  27,  2012 


806  Human  Molecular  Genetics,  2012,  Vol.  21,  No.  4 


Figure  6.  Tscl nul1  neurons  form  micronodules  throughout  the  olfactory  bulb. 
Confocal  images  of  RFP+  cells  in  olfactory  bulb  coronal  (A  and  B)  and  sagit¬ 
tal  (C  and  D)  sections  from  Tscl  Wwt/R26R  (A  and  C)  and  7sc7fl/mut/R26R 
mice  (B  and  D).  (E)  Projections  of  the  RFP  signals  in  the  green  square  in 
(C)  and  (D).  (F)  The  bar  graph  of  the  relative  nearest  neighbor  distance  for 
RFP+  cells  in  the  olfactory  bulb  of  Tscla'^l'S26K  (gray)  and  Tscla,mM/ 
R26R  (black)  mice.  Scale  bars:  140  |jim  (A  and  B)  and  200  |jim  (C  and  D). 


along  the  RMS  and  the  presence  of  neurons  in  the  cortex  that 
were  absent  in  control  mice.  Although  this  strategy  is  efficient, 
it  does  not  unambiguously  identify  SVZ  cells  as  the  source  of 
the  ectopic  neurons  and  heterotopia.  Second,  we  thus  used 
in  vivo  electroporation  to  express  Cre-  and  GFP-encoding 
plasmids  selectively  in  SVZ  cells  resulting  in  Tscl  deletion 
when  using  7kc7fl/mut  mice.  It  is  worth  emphasizing  that 
patients  are  bom  heterozygote  for  Tscl  or  Tsc2.  However, 
the  heterozygote  mice  do  not  display  any  gross  abnormalities 
(50).  Considering  that  the  SEGA  in  the  SVZ  have  lost  hetero¬ 
zygosity  in  TS  patients  (51),  some  of  the  cells  generated  from 
the  SVZ  are  expected  to  be  Tsclnun  or  Tsc2nuU.  The  following 
data  emphasize  that  loss  of  heterozygosity  is  necessary  for 
lesion  formation. 

Following  Tscl  removal  in  neonatal  neural  progenitor  cells 
and  thus  their  progeny,  we  identified  lesions  as  reported  in 


TSC  patients,  in  particular  the  heterotopias  commonly  called 
olfactory  hamartomas  (32,33).  These  heterotopias  had  either 
a  mixed  neuroglial  or  neuronal  phenotype.  The  neuronal  het¬ 
erotopias  contained  cytomegalic,  spiny  neurons  with  enhanced 
mTOR  activity  and  the  presence  of  axons.  The  majority  of 
these  neurons  were  GFP+,  suggesting  that  they  were  born 
during  the  neonatal  period  (PI -10).  The  mixed  neuroglial 
heterotopia  contained  a  mixture  of  early  born  GFP+/RFP+ 
cells  and  GFP/RFP+  cells  bom  ~3-7  days  prior  to  preparing 
brain  sections  (P28).  These  data  suggest  that  the  continual 
generation  of  cells  from  Tsclnul1  SVZ  neural  progenitor  cells 
leads  to  progressive  accumulation  of  cells  in  the  lesions  and 
their  subsequent  increase  in  size.  It  remains  unclear  why 
some  cells  remains  stalled  along  the  migratory  path.  A  prema¬ 
ture  differentiation  as  seen  by  the  presence  of  cells  with  astro¬ 
cytic  and  neuronal  morphology  could  result  in  cell  immobility. 
Alternatively,  the  presence  of  immature-looking  cells  with  a 
radial-like  morphology  suggests  that  neural  progenitor  cells 
(i.e.  radial  glial  cells)  did  not  fully  differentiate  and  remain 
stalled  in  the  SVZ.  Addressing  this  issue  is  outside  the  scope 
of  this  study.  During  migration,  Tsclnul{  neuroblasts  displayed 
a  slowed  migration  speed  and  a  more  complex  morphology 
than  Tsclhapl°  neuroblasts.  Once  in  the  olfactory  bulb, 
Tsclnun  neurons  formed  micronodules,  suggesting  that  their 
positional  cues  were  altered.  In  addition,  they  displayed  a 
hypertrophic  dendritic  tree  consistent  with  a  role  of  the 
mTOR  pathway  on  dendritogenesis  (52). 

Another  major  finding  is  the  presence  of  GFP+  neurons  in 
the  cortex  and  nucleus  accumbens  around  the  anterior 
commissure.  Cortical  neurons  were  spiny  and  displayed 
morphologies  reminiscent  of  pyramidal  neurons.  They  also 
exhibited  a  thin  process  resembling  an  axon.  Although  only 
10-15  were  found  per  slice,  they  clustered  in  groups  of  2-6 
and  could  have  a  major  impact  on  local  circuit  function.  The 
function  of  these  ectopic  neurons  will  clearly  warrant  further 
investigation. 

Our  findings  have  major  implications  and  raise  important 
new  questions.  It  is  highly  conceivable  that  Tsclnul  cells 
bom  along  the  SVZ  around  the  time  of  birth  in  humans 
(neonatal  period  in  mice)  can  generate  olfactory  lesions.  In 
addition,  because  neural  stem  cells  and  neurogenesis 
persist  in  juvenile  and  adult  humans  (19,20,28),  the  continual 
generation  of  Tsclnun  cells  from  the  SVZ  in  TSC  patients 
may  feed  and  increase  in  size  the  lesions  that  are  formed 
neonatally  or  embryonically.  Finding  micronodules  in  the 
olfactory  bulb  raises  the  possibility  that  such  abnormal  struc¬ 
tures  may  also  be  generated  during  embryonic  life  and 
would  not  be  visible  through  conventional  imaging.  This 
finding  together  with  the  presence  of  ectopic  neurons  in 
the  cortex  and  subcortical  regions  calls  for  closer  examin¬ 
ation  of  TSC  tissue  outside  the  tubers.  Finally,  TSC  shares 
histological  and  clinical  features  with  other  disorders  of 
cortical  malformations  such  as  focal  cortical  dysplasia  and 
ganglioma  that  are  associated  with  defects  in  neurogenesis 
(22).  Collectively,  we  thus  propose  that  neurogenesis  along 
the  SVZ  progressively  contributes  to  alterations  in  the 
forebrain  during  the  neonatal  and  juvenile  period  resulting 
in  progressive  circuit  dismption  and  perhaps  neuropsychi¬ 
atric  instability  in  patients  with  TSC  and  other  cortical 
malformations. 
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Figure  7.  Tsclnul1  neurons  display  a  hypertrophic  dendritic  tree.  (A)  Representative  reconstructions  of  RFP+  olfactory  neurons  in  sections  from  TsclWwt/R26R 
and  7sc7fl/mut/R26R  mice.  (B)  Corresponding  plots  of  the  number  of  crossing  as  a  function  of  the  distance  from  the  soma  ( n  =  14  cells  for  each  plot).  Filled 
circles:  TsclWmut/R26R  mice. 


MATERIALS  AND  METHODS 

Animals 

Research  protocols  were  approved  by  the  Yale  University 
Institutional  Animal  Care  and  Use  Committee.  Experiments 
were  performed  on  littermate  Tscl  fl/wt/R26R  and  Tscln/mut/ 
R26R  mice  obtained  by  crossing  the  following  two  lines  of 
transgenic  mice:  Tsclnm  (Jackson  Laboratories)  and 
(NCI)  that  we  had  crossed  with  R26R-Stop-RFP  mice 
(Jackson  Laboratories,  RLP  for  tdTomato).  These  two  lines 
of  mice  were  generated  by  David  J.  Kwiatkowski  (Brigham 
and  Women’s  Hospital,  Harvard  Medical  School,  Cambridge, 
MA,  USA).  Lor  additional  experiments,  TsclWfi  mice  were 
crossed  with  nestin-CreERT2  mice  (kind  gift  from  Dr  Amelia 
Eisch,  UT  Southwestern)  that  we  had  crossed  with 
R26R- Stop- YEP  mice  (Jackson  Laboratories)  to  generate 
rsc7M/nestinCreERT2  mice.  Mice  were  prescreened  for 
successful  electroporation  prior  to  sacrificing  by  viewing 
with  an  epifluorescence  microscope  or  a  Kodak  4000  imager. 


Genotyping 

Tail  or  toe  samples  were  prepared  using  the  standard  proto¬ 
cols.  We  used  previously  published  primers  (53,54).  The 
primer  combination  allows  for  the  detection  of  the  wt  Tscl 
allele  at  295  bp,  the  fl  allele  at  480  bp  and  the  mutant  allele 
at  370  bp.  The  fl  allele  contains  the  LoxP  sites  surrounding 
the  sequence  to  be  excised  upon  Cre  recombination.  The 
mutant  allele  lacks  the  sequence  flanked  by  LoxP  sites,  thus 
making  the  hamartin  protein  non-functional. 


Neonatal  electroporation 

Electroporation  is  as  we  described  previously  (45,47).  Plas¬ 
mids  (2-3  pg/pi)  were  diluted  in  phosphate  buffered  saline 
containing  0.1%  fast  green  as  a  tracer;  0.5-1  p,l  of  plasmid  so¬ 
lution  was  injected  into  the  lateral  ventricles  of 
cold-anesthetized  neonatal  pups  using  a  pulled  glass  pipette 
(diameter  <50  pan).  Live  square  pulses  of  50  ms  duration 
with  950  ms  intervals  at  100  V  were  applied  using  a  pulse 
ECM830  BTX  generator  and  tweezer-type  electrodes  (model 
520,  BTX)  placed  on  the  heads  of  P0-1  pups. 


Microdissection,  RNA  extraction  and  RT-PCR 

Trizol  reagent  (750  pJ)  plus  200  pJ  of  chloroform  were  added  to 
each  olfactory  bulb  sample  and  passed  through  a  22-gauge 
1.5 -inch  needle  and  then  vortexed.  Pollowing  centrifugation 
for  1 5  min  at  4°C  and  1 2  000  g,  the  top  aqueous  phase  was  trans¬ 
ferred  to  a  fresh  reaction  tube.  After  adding  1000  pi  of  ethanol, 
the  sample  was  vortexed  for  1  min  and  centrifuged  at  8000  g  for 
15  s.  Pellets  were  rinsed  three  times  with  75%  ethanol.  Pollow¬ 
ing  centrifugation,  the  RNA  was  eluted  with  RNase-free  deio¬ 
nized  H20  prior  to  determining  its  concentration  and  purity  on 
a  spectrophotometer.  The  samples  with  contamination  were 
subjected  to  an  additional  ethanol/sodium  acetate  precipitation. 

Lor  reverse  transcription  polymerase  chain  reaction 
(RT-PCR),  2.12  pg  of  RNA  was  mixed  with  deoxynucleotide 
triphosphates  (dNTPs),  random  primers  (Invitrogen)  and 
RNase/DNase-free  deionized  H20,  heated  for  5  min  at  65 °C 
and  then  rapidly  chilled  on  wet  ice  for  5  min,  followed  by 
brief  centrifugation.  Dithiothreitol,  RNase  out  and  Superscript 
III  were  then  added  to  each  sample  and  reverse  transcribed  in  a 
BioRad  MyCycler.  cDNA  was  then  subjected  to  PCR  using 
primers  to  Tscl  and  Gapdh.  Primer  sequences  are  available 
upon  request.  mRNA  transcripts  were  quantified  by  the  standard 
curve  method  of  qRT -PCR.  cDNA  was  amplified  with  the  spe¬ 
cified  primers  and  detected  with  SYBR  Green  (Bio-Rad)  by  a 
Chromogen-modified  iCycler. 


Genomic  DNA  isolation 

Lresh,  unfixed  tissue  was  subjected  to  a  proteinase  K  dilution 
and  genomic  DNA  isolated  using  a  DNeasy  kit  (DNA  extrac¬ 
tion).  Quantification  of  DNA  purity  and  concentration  was 
performed,  and  ~0.19  pg  of  DNA  was  added  to  PCRs. 
10  x  PCR  buffer  (Invitrogen)  was  added  to  1 0  mM  dNTP  mix, 
50  mM  MgS04,  autoclaved  DNase-free  deionized  H20  and  Plat¬ 
inum  Taq.  The  reaction  volume  was  25  pi  after  adding  1  pi  of 
each  forward  and  reverse  primer  with  3  pi  of  the  appropriate 
sample.  PCR  was  performed  in  a  BioRad  MyCycler  (32-36 
cycles).  Lor  recombination  detection,  5  pi  of  product  was 
subjected  to  a  second  round  of  PCR.  Amplicons  were  visualized 
by  running  samples  diluted  in  10  x  blue  juice  DNA  loading 
buffer  loaded  onto  a  2%  agarose  gel  run  at  100  V  for  30  min 
alongside  a  100-bp  DNA  ladder  (Invitrogen). 
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Figure  8.  Newborn  Tsclnul1  neurons  are  rerouted  to  cortical  and  subcortical  areas.  (A)  Coronal  sections  with  green  rectangles  indicating  the  approximate  loca¬ 
tions  of  images  shown  in  (B)-(I).  (B)  The  confocal  image  of  GFP+  neurons  (green)  in  the  ACB  and  around  the  aco  counterstained  with  DAPI  (blue).  (C)  The 
zoom  of  the  image  in  the  white  square  in  (B).  (D)  The  confocal  image  of  GFP+  and  RFP+  neurons  and  astrocytes  (bushy  cells)  in  cortical  layer  II.  (E)  GFP+ 
(black)  neurons  in  cortical  layer  II.  (F)  The  confocal  image  and  projections  of  a  GFP+  cortical  layer  II  cell  that  immunostained  positive  for  NeuN  (red).  (G)  The 
confocal  image  of  GFP+  neuron  in  the  deep  layer  of  the  cortex.  (H)  Zoom  of  the  neuron  in  the  white  square  in  (G).  (I)  The  confocal  image  of  GFP+  neuron  in  the 
deep  layer  of  the  cortex.  Inset:  GFP  fluorescence  overlaid  with  DIC  to  illustrate  the  location  of  the  corpus  callosum.  CC,  corpus  callosum;  CP,  caudate  putamen; 
ACB,  accumbens  nucleus;  aco,  anterior  commissure.  Scale  bars:  140  |jim  (B)  70  |xm  (C),  80  |jim  (D  and  G),  40  |jim  (E,  F  and  I)  and  30  |jim  (H). 


Slice  preparation  and  immunostaining 

P28  mice  were  deeply  anesthetized  with  pentobarbital  (50  mg/kg). 
The  brain  was  then  quickly  removed  and  placed  in  4% 
paraformaldehyde  overnight  at  4°C,  then  washed  in 
lx  PBS.  The  region  of  electroporation  was  imaged  using  a 
Kodak  4000  imager.  The  next  day,  100-p.m-thick  slices  were 
prepared  using  a  vibratome  (Leica  VTS  1000).  Immunostaining 
was  performed  in  free-floating  1 00- pun- thick  slices  as  described 
previously  (55).  Free-floating  sections  were  blocked  in  PBS 
containing  0.1%  Triton  X-100,  0.1%  Tween-20  and  2% 
bovine  serum  albumin  and  incubated  in  primary  antibodies 
(see  below)  overnight  at  4°C.  After  several  washes  in  PBS  con¬ 
taining  0.1%  Tween-20,  slices  were  incubated  with  the 
appropriate  secondary  antibody  [Alexa  Fluor  series  at  1:1000 
(Invitrogen)  or  Cyanine  series  at  1:500  (Jackson  ImmunoRe- 
search)]  for  1  h  at  room  temperature.  Primary  antibodies  were 
rabbit  anti-pS6  (1:1000;  Cell  Signaling;  S235/236,  2F9, 
catalog  #4856),  mouse  anti-NeuN  (1:500;  Millipore),  GFAP 
(1:100,  DAKO)  and  DCX  (1:500,  Santa  Cruz  Biotechnology). 
Each  staining  was  replicated  in  slices  from  three  different 
mice.  Z-section  images  were  acquired  on  a  confocal  microscope 


(Olympus  FluoView  1000)  with  a  20  x  dry  objective  (N.A. 
0.75).  Low-magnification  images  were  acquired  with  a  10  x 
dry  objective  or  a  dissecting  scope  (SZX16  with  a  SDF 
PLAPO  1  x  PF  objective).  Images  were  analyzed  using  Imaris 
4.0  (Bitplane  AG)  and  reconstructed  using  ImageJ  1.39t  soft¬ 
ware  (Wayne  Rasband,  NIH)  or  Photoshop  CS3. 


Cell  size  and  pS6  immunostaining  analyses 

To  measure  cell  size,  Z-stack  images  of  mRFP+  cells  in  coronal 
sections  were  acquired  with  a  20  x  dry  objective  (Numerical 
Aperture,  0.75)  using  high-low  settings  to  minimize  saturation. 
In  ImageJ,  the  freehand  tracing  tool  was  used  to  outline  cell 
somas.  Cell  size  was  represented  relative  to  the  indicated  con¬ 
trols.  To  measure  nuclear  size,  Z-stack  images  of  coronal  sec¬ 
tions  stained  for  NeuN  and  DAPI  were  acquired  with  a  40  x 
dry  objective  (Numerical  Aperture,  1.20).  Likewise,  the 
freehand  tracing  tool  was  used  to  outline  neuronal  nuclei. 

To  measure  mTOR  activity,  immunostaining  was  performed 
using  an  antibody  to  phosphorylated  serine  235/236  of  pS6. 
Serial  Z-stacks  were  acquired  under  the  same  settings  for  the 
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ipsilateral  and  contralateral  coronal  sections  of  an  olfactory 
bulb.  Regions  of  interest  (ROIs)  were  generated  using  an  ellip¬ 
tical  selection  tool,  and  average  intensities  for  each  ROI  were 
determined.  For  both  cell  size  and  pS6  staining  measurement, 
three  sections  per  mouse  were  analyzed. 

Acute  slice  migration  assays 

P21  mice  were  deeply  anesthetized  20  mg/kg  Nembutal  and 
brains  were  dissected  into  ice-cold,  oxygenated  (95%  02, 
5%  C02)  high-glucose  Dulbecco’s  modified  eagle  medium 
(DMEM).  The  300  p,m-thick  sagittal  slices  were  obtained 
using  a  Leica  vibratome.  After  incubating  for  1  h  in  room  tem¬ 
perature  DMEM,  slices  were  transferred  to  a  heated  (35°C) 
perfusion  chamber  for  1  h.  Individual  fluorescently  labeled 
cells  in  the  RMS  or  RMS-OB  were  visualized  using  a  confocal 
Olympus  FluoView  1000  system.  Confocal  Z-stack  images 
(4  p,m  spaced  sections  over  60-100  p,m)  were  acquired  with 
a  20  x  immersion  objective  (XUMPLFL,  N.A.  1.20)  every 
5  min  for  at  least  90  min.  Movies  were  analyzed  in  ImageJ 
software  (NIH).  Image  stacks  were  realigned  and 
RFP-fluorescent  cells  were  tracked  using  ImageJ  plug-ins 
[Stackreg  (56)  and  MTrackJ  written  by  Dr  E.  Meijering,  Bio¬ 
medical  Imaging  Group  Rotterdam].  Individual  fluorescent 
cells  were  tracked  using  the  MTrackJ  plug-in.  Cell  migration 
speeds  were  calculated  with  a  macro  program  as  described 
previously  (47,48). 

Olfactory  bulb  organization 

Sagittal  slices  were  optically  sectioned  in  the  Z-plane  at  4  p,M 
intervals  at  a  4x  magnification.  Sections  were  stacked  and 
converted  to  an  8-bit  digital  image  followed  by  binary  water- 
shedding  in  ImageJ.  Images  were  loaded  and  processed  in  geo¬ 
logical  image  analysis  software  (GIAS  vl.12,  Beggan  and 
Hamilton,  2010).  Default  settings  were  applied,  and  the 
nearest  neighbor  distance  Ra  was  calculated.  Organization  is 
then  measured  as  the  theoretical  Ra  (based  on  a  Poisson  distri¬ 
bution)  minus  experimental  Ra. 

Morphometric  analysis 

Complete  images  of  RFP+  neurons  were  acquired  in  coronal 
sections  using  a  Fluoview  1000  confocal  microscope  and 
20 x  objective  with  a  2x  digital  zoom  to  focus  on  basal  neur- 
ites.  Neurites  were  traced  with  simple  neurite  tracer  software 
(FIJI,  GNU  GPL  v3).  Scholl  analyses  were  carried  out  using 
dendrite  length  as  a  measure  of  morphological  complexity. 
Confocal  Z-stacks  from  three  different  square  fields  of  view 
were  taken  from  each  olfactory  bulb  section,  and  this  was 
done  for  three  different  OB  sections  in  a  randomly  selected 
series  from  each  animal.  At  least  three  animals  were  analyzed 
per  condition. 

Statistics 

Analysis  of  cell  size  and  pS6  was  performed  on  an  average  of 
20-25  cells  per  slice,  respectively,  from  3  to  4  animals  in  each 
condition.  The  laminar  distribution  of  cells  was  performed  on 
1-2  slices  for  3-4  animals  of  each  genotype.  Data  were 


presented  in  Origin  8.0.  Statistical  significance  was  deter¬ 
mined  using  the  unpaired  Student’s  /-test  or  the  Fisher’s 
exact  test  when  mentioned  with  P  <  0.05  for  significance 
(KyPlot  2.0).  Data  are  presented  as  the  mean  +  SEM. 
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Abstract 

Tuberous  Sclerosis  Complex  (TSC)  is  a  genetic  disorder  caused  by  mutations  in  Tscl  or 
Tsc2  resulting  in  hyperactivity  of  the  mammalian  target  of  rapamycin  (mTOR)  and  disabling 
brain  lesions.  These  lesions  contained  misplaced  neurons  enriched  in  hypoxia-inducible  factor  la 
(Hifla).  However,  the  relationship  between  TSC  1/2  and  Hifla  and  the  function  of  Hifla  in  TSC 
neurons  remain  unexplored.  Here,  we  examine  the  degree  of  Hifla  activity  and  its  function  in 
newborn  Tsclnul 1  neurons  in  a  mouse  model  of  TSC.  Using  single  cell  electroporation  in  the 
neurogenic  subventricular  zone  (SVZ)  of  neonatal  mice,  we  deleted  Tscl  and  generated  olfactory 
lesions  containing  misplaced  TsclnuU  neurons.  These  newborn  neurons  displayed  elevated  Hif la- 
mediated  transcriptional  activity  compared  to  Tscl  heterozygote  neurons  and  a  marked  resistance 
to  cell  death  induced  by  a  Hifla  antagonist.  Electroporation  of  Hifla  targeting  shRNA  or 
dominant  negative  Hifla  constructs  resulted  in  80-90%  loss  of  TsclnuU  olfactory  bulb  granule 
cells  and  complete  loss  of  ectopic  neurons  while  sparing  SVZ  stem  cells.  Using  an  inducible 
shHifla  plasmid,  we  found  that  Hifla  is  required  for  TsclnaU  neuron  survival  at  the  inception  of 
synaptic  integration.  Collectively,  these  results  suggest  that  Hifla  acts  as  a  molecular 
determinant  of  newborn  neuron  survival  and  that  its  TSC  1 -dependent  up-regulation  gave  TsclnuU 
neurons  a  survival  advantage  despite  their  misplacement  in  a  novel  microenvironment. 
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Introduction 

Tuberous  Sclerosis  Complex  (TSC)  is  a  developmental  disorder  caused  by  mutations  in 
the  tumor  suppressor  genes,  Tscl  or  Tsc2,  resulting  in  benign  growths,  malformations,  and 
neurological  dysfunction  [1-5].  Lesions  within  the  central  nervous  system  contain  misplaced 
giant  cells  and  neurons,  which  display  increased  activity  of  the  mTOR  signaling  pathway  [6,  7], 
These  diseased  cells  also  display  increases  in  the  expression  of  the  basic  helix-loop-helix 
transcription  factor  hypoxia-inducible  factor  la  (Hifla)  in  human  TSC  tissue  [8], 

Hifla  is  master  transcriptional  regulator  of  the  adaptive  response  to  hypoxia  through 
activation  of  the  transcription  of  many  genes,  including  those  involved  in  energy  metabolism, 
angiogenesis,  and  apoptosis  [9-11].  Through  its  transcriptional  activity,  Hifla  has  been 
implicated  in  many  vital  cellular  functions  [11],  Recently,  it  was  shown  to  regulate  the 
proliferation  and  differentiation  of  adult  neural  stem  cells  in  the  hippocampal  subgranular  zone 
and  the  survival  of  retinal  neurons  during  development  [12,  13].  In  TSC  neurons,  increased 
Hifla  expression  is  expected  to  result  from  mTOR  hyperactivity  since  mTOR  signaling  pathway 
regulates  Hifla  levels  and  activity  in  several  systems  [14].  Hifla  has  also  been  shown  to  be 
elevated  in  Tsc2nul1  and  Tsclnul1  mouse  embryonic  fibroblasts  [15].  However,  it  remains  to  be 
examined  whether  Tscl  or  Tsc2  loss  in  neuronal  cells  leads  to  cell-autonomous  increases  in 
Hifla  expression  and  activity.  In  addition,  the  function  of  Hifla  in  TSC  neurons  remains 
unknown. 

Here,  we  examine  Hifla  activity  and  function  in  newborn  TsclmM  neurons  in  a  mouse 
model  of  TSC.  In  this  model,  Tscl  deletion  in  neonatal  stem  cells  of  the  neurogenic 
subventricular  zone  (SVZ)  through  electroporation  leads  to  olfactory  bulb  (OB)  lesions 
containing  ectopic  Tsclnan  neurons.  Using  RT-PCR  and  in  vivo  gene  reporter  assays,  we  found 
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that  Hifla  levels  and  transcriptional  activity  were  elevated  in  newborn  Tsclnul 1  neurons. 
Increasing  Hifla  expression  and  activity  in  Tscl  heterozygote  (Tsclbct)  neurons  led  to  increase  in 
their  dendritic  complexity.  This  finding  may  have  important  implications  for  neuronal 
development  following  exposure  to  a  hypoxic  environment  like  in  preterm  infants.  Loss-of- 
function  experiments  using  Hifla  shRNA  or  dominant  negative  constructs  revealed  that  TSC1- 
dependent  Hifla  up-regulation  allows  newborn  TsclaaU  neurons  to  survive  within  TSC  lesions 
despite  their  placement  in  a  heterotopic  microenvironment. 

Results 

Generation  of  TSC-like  lesions  containing  newborn  TsclnuU  neurons 

To  generate  TSC-like  lesions  containing  TsclnuU  neurons,  we  used  R26Rrfp  mouse  pups 
containing  a  conditional  (floxed,  fl)  and  a  wild  type  (wt)  or  Tscl  mutant  (mut)  allele  (noted 
Tscln,wt  and  Tscln/mu\  Fig.  1A).  CRE  recombinase  (CRE)  and  enhanced  GFP-encoding  DNA 
plasmids  were  injected  into  neural  progenitor  cells  of  the  SVZ  in  postnatal  day  (P)  0-1  pups 
followed  by  electroporation  (Fig.  IB).  Neural  progenitor  cells  are  known  to  divide  and  generate 
transit  amplifying  cells  that  themselves  generate  neuroblasts.  These  neuroblasts  migrate  along 
the  rostral  migratory  stream  to  reach  the  OB  where  they  differentiate  into  intemeurons,  granule 
cells  and  periglomerular  cells.  Following  CRE  electroporation,  we  detected  recombination  at  the 
R26R  locus  by  visualizing  RFP  fluorescence  in  SVZ  cells  and  in  newborn  neurons,  which 
entered  the  OB  circuitry  by  >10  days  post-electroporation  (dpe,  P28  in  Fig.  1C).  As  previously 
reported,  we  validated  that  Tscl  was  knocked  out  in  RFP+  neurons  of  7Wflmut/R26R  mice  by 
immunostaining  phosphorylated  S6  in  P28  OB  sections  (data  not  shown).  S6  is  phosphorylated 
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by  p70  S6Kinase  1,  a  downstream  target  of  mTOR  .  Following  CRE  electroporation  in  Tsc]nnmt 
mice,  P28  OB  contained  heterotopia  comprised  of  enlarged  Tsclnul1  neurons  that  were  not 
observed  in  Tscla/wt  mice  (Fig.  1C). 

Hifla  mRNA  and  transcriptional  activity  are  up-regulated  in  newborn  TsclnuU  neurons 

To  examine  Hifla  mRNA  level,  we  performed  endpoint  RT-PCR  from  cDNA  generated 
from  CRE-electroporated  (ipsilateral)  and  contralateral  OB  of  P21  7kc7fl/mut/R26R  mice.  Five 
sets  of  primers  were  designed  to  amplify  Hifla  mRNA  transcripts  using  RT-PCR.  Two  of  the 
five  primers  amplified  the  predicted  size  product  with  no  genomic  DNA  contamination  or  primer 
dimers  (Fig.  2A)  and  displayed  single  peak  melt  curves  (data  not  shown).  Both  primer  sets 
demonstrated  increases  in  Hifla  transcripts  in  the  OB  containing  Tscl nul1  neurons.  To  better 
quantify  the  increases,  we  performed  quantitative  (q)  RT-PCR  using  the  standard  curve  method 
with  the  most  sensitive  Hifla  primer  set  and  GAPDH  primer  for  normalization.  There  was  a  3- 
fold  increase  in  the  Hifla  transcript  levels  in  the  OB  containing  Tsclnul 1  neurons  compared  to  the 
contralateral  OB  (Fig.  2B,  N=6  mice  for  each  condition,  p<0.05).  This  increase  is  likely 
underestimated  because  of  the  low  percentage  of  RFP+  neurons  in  the  OB. 

Hifla  forms  a  heterodimer  with  ARNT  and  regulates  transcriptional  activity  of  genes 
containing  HIF  response  elements  (HRE)  within  the  promoter.  We  thus  examined  whether 
Hif la-dependent  gene  transcription  was  increased  in  the  OB  containing  TsclnuU  neurons.  We 
performed  in  vivo  gene  reporter  assays  by  co-electroporating  plasmids  encoding  CRE,  a 
constitutively  active  renilla  luciferase,  or  photinus  pyralis  luciferase  under  the  control  of  HRE  in 
7kc7fl/mut/R26R  and  7kc7fl  wt/R26R  mice  (Fig.  2C).  The  HRE-luciferase  gene  reporter  activity 
was  significantly  increased  in  P28  OB  containing  Tsclnul 1  neurons  compared  to  OB  containing 
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T,sdhct  neurons  (Fig.  2D,  n=18,  p<0.001,  mean=  3.1  vs.  0.4).  Collectively,  these  experiments 
show  that  Tscl  deletion  in  newborn  neurons  is  sufficient  to  increase  Hifla  levels  and  induce 
transcriptional  transactivation. 

Hifla  overexpression  increases  the  dendritic  complexity  of  newborn  neurons 

To  determine  the  function  of  supraphysiological  levels  of  Hifla,  we  performed  postnatal 
electroporations  of  a  Hifla  overexpression  vector  in  SVZ  cells  of  Tsclwt/mat  mice.  For  control,  a 
GFP-encoding  vector  was  electroporated.  When  these  vectors  were  co-electroporated  with  HRE 
or  constitutively  active  luciferase  gene  reporters,  we  found  that  Hifla  overexpression  produced  a 
significant  4-fold  increase  in  HRE  transcriptional  activation  in  P28  OB  compared  to  GFP 
expression  (p<0.001,  n=ll  and  6,  respectively,  Fig.  3A).  Hifla  overexpression  produced  no 
obvious  migratory  defects  (data  not  shown).  Since  Tscl  knockout  has  been  reported  to  enhance 
dendrite  complexity  in  the  OB  and  cortex  [13,  16],  we  performed  sholl  analysis  of  Hifla-  or 
GFP-expressing  granule  cell  dendrites  in  P28  coronal  OB  sections.  Hifla  overexpression  induced 
a  significant  increase  in  basal  dendrite  complexity  and  length  (n=23,  N=3  for  Hifla  and  n=30, 
N=3,  for  GFP,  Fig.  3C-E).  Thus,  Hifla  overexpression  in  Tsclhet  neurons  is  sufficient  to  induce 
transcriptional  transactivation  and  increase  the  dendritic  complexity  of  these  newborn  neurons. 

TscT'u"  neurons  are  partially  resistant  to  Echinomycin-induced  cell  death 

To  assess  the  role  of  Hifla  in  newborn  TSC  neurons,  the  Hifla  antagonist,  echinomycin 
[17],  was  injected  into  CRE/GFP-electroporated  Tkc7flwt/R26R  and  Zsc7fl/mut/R26R  mice. 
Injections  of  echinomycin  (lOug/Kg,  [18])  or  vehicle  were  performed  once  a  day  for  4  days 
starting  at  P6  or  P8  (Fig.  4A).  Following  an  additional  9  days  (i.e.  P18  to  P21),  whole  brain 
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imaging  revealed  a  significant  decrease  in  GFP  and  RFP  fluorescence  in  the  OB  of 
Tvc7tl/Wt/R26R  mice  compared  to  7scifl/mut/R26R  mice  (Fig.  4B).  We  thus  counted  the  number  of 
newborn  GFP+  Tsclhet  or  Tsclnub  neurons  in  the  granule  cell  layer  of  OB  coronal  sections. 
Echinomycin  treatment  resulted  in  a  -80%  and  40%  decrease  in  the  number  of  newborn  Tsclbct 
and  TsclnuU  granule  cells,  respectively,  compared  with  vehicle-treated  mice  (Fig.  4C,  N=10-14, 
p<0.001).  TsclnuU  neurons  were  thus  more  resistant  to  echinomycin  treatment  than  Tsclbct 
neurons.  This  finding  is  in  agreement  with  the  increased  levels  and  activity  of  Hifla  in  Tsclnub 
neurons  compared  to  Tsclhet  neurons  (see  Fig.  2).  In  addition,  no  significant  difference  in  the 
density  of  GFP+  cells  in  the  SVZ  was  observed  between  echinomycin  and  vehicle-treated  mice 
(data  not  shown).  These  results  suggest  that  despite  being  mildly  resistant  to  echinomycin- 
induced  cell  death,  Hifla  may  be  a  prosurvival  factor  in  TsclnaU  neurons. 

Hifla  is  essential  for  the  survival  of  newborn  TsclnuU  neurons 

Echinomycin  is  mildly  selective  for  Hifla  and  may  have  other  targets.  We  thus 
performed  Hifla  loss-of- function  experiments  by  electroporating  vectors  encoding  shRNA 
targeting  Hifla  (shHifla)  or  a  dominant  negative  form  of  Hifla  (dnHifla).  These  vectors  or 
control  vectors  were  co-electroporated  with  CRE-  and  GFP-encoding  plasmids  into 
T7c7fl/mut/R26R  mjce  (pig  5A).  Following  electroporation  of  either  one  or  two  shHif la-encoding 
vectors,  we  found  an  absence  of  GFP  fluorescence  in  the  OB  upon  whole  brain  examination  at 
P19  and  P28  (Fig.  5B  for  PI 9).  Closer  examination  of  OB  coronal  sections  revealed  a  drastic 
reduction  in  the  number  of  GFP+  shHif  la-expressing  Tscl"ub  neurons  per  section  compared  to 
control  (0-5  instead  of  >500  cells  in  control,  N=16  at  P28  and  N=6  at  P19,  Fig.  5C  and  D).  In 
the  SVZ  of  the  same  mice,  electroporated  GFP+  cells  persisted  along  the  lateral  ventricle  (Fig. 
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5E).  This  latter  result  suggests  that  Hifla  had  no  effect  on  SVZ  cell  survival  in  agreement  with 
the  low  levels  of  Hifla  immunostaining  in  the  postnatal  SVZ  (data  not  shown).  Electroporation 
of  the  dnHifla  also  significantly  reduced  the  number  of  Tscl"u]]  neurons  in  the  OB  compared  to 
control  (PI 7,  p<0.001,  N=ll  and  N=ll,  Fig.  5F)  without  an  obvious  change  in  the  SVZ  GFP+ 
cell  density  (data  not  shown).  Collectively,  these  data  suggest  that  Hifla  is  required  in  a  cell- 
specific  manner  for  survival  of  newborn  TsclnaU  neurons. 

Hifla  is  required  for  Tsclnuli  neuron  survival  at  the  onset  of  synaptic  integration 

To  circumvent  any  effects  of  Hifla  knockdown  on  SVZ  neural  progenitor  cells,  we  used 
an  inducible  Cre-Lox  based  plasmid  vector  to  express  shHifla  at  a  precise  developmental  stage 
of  neuroblasts.  The  vector,  called  pSico  ( i.e .  plasmid  for  stable  RNA  interference  conditional 
[19])  contains  a  U6  promoter  followed  by  LoxP  sites  around  a  CMV  promoter  driving  GFP 
acting  as  a  Stop  sequence  prior  to  the  shHifla  sequence  or  a  non-coding  sequence  (Fig.  6A). 
Following  co-electroporation  of  pSico  and  a  vector  encoding  ET2CreERT2  (and  a  GFP-encoding 
reporter  vector)  in  Tscla/mat /R26R  mice,  intraperitoneal  tamoxifen  applications  are  expected  to 
allow  timed  shHifla  expression  in  pSico-containing  newborn  neurons. 

Tamoxifen  was  injected  10  dpe  when  newborn  neuroblasts  are  integrating  in  the  OB 
circuitry  (see  diagram  in  Fig.  6B).  Recombination  at  the  R26R  locus  was  observed  by  RFP 
expression  in  newborn  neurons  (data  not  shown).  By  two  weeks  post-tamoxifen  injection  (P24), 
the  number  of  shHila/GFP+  Tsclnu]]  neurons  was  significantly  reduced  compared  to  control  (i.e. 
in  mice  electroporated  with  pSico  control,  N=6  and  5,  Fig.  6C-E).  Taken  together,  these  results 
indicate  that  Hifla  is  uniquely  required  by  newborn  Tsclnan  neurons  at  the  inception  of  synaptic 
integration. 
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Discussion 

Here,  our  data  show  for  the  first  time  that  Hifla  acts  as  a  molecular  determinant  of 
newborn  neuron  survival  in  the  context  of  TSC.  This  finding  suggests  that  TSC1 -dependent 
Hifla  up-regulation  gave  Tsclnul 1  neurons  a  survival  advantage  despite  their  ectopic  location  in  a 
novel  microenvironment.  We  also  found  that  increases  in  Hifla  expression  and  activity  led  to 
marked  increase  in  the  dendritic  complexity  and  basal  dendrite  length  of  Tsclhet  neurons. 

We  used  a  recently  established  neonatal  model  of  TSC-like  lesions.  These  lesions  are 
located  in  the  OB  and  along  the  route  from  the  SVZ  to  the  OB  and  recapitulate  several  aspects  of 
the  TSC  lesions  seen  in  patients  [20],  Indeed,  TSC  patients  exhibit  olfactory  bulb  hamartoma  or 
malformations  [16,  21].  Although  several  models  of  TSC  pathologies  have  been  reported  [13,  14, 
20,  22-30],  our  neonatal  model  recapitulates  the  discrete  nature  of  the  human  lesions  and  allows 
easy  access  to  tissue  containing  lesions  and  Tsclnul 1  cells.  The  TSC-like  lesions  consisted  of 
migratory  heterotopias,  which  were  a  collection  of  misplaced  Tsclnun  cells  (neurons  and  glia)  as 
well  as  ectopic  clusters  of  TsclnuU  neurons.  TsclnaU  neurons  that  reached  the  OB  displayed 
hypertrophic  dendritic  tree  and  formed  micronodules.  Here,  we  illustrated  olfactory  heterotopias 
and  misplaced  enlarged  neurons  in  the  OB.  OB  containing  Tsclhet  neurons  did  not  display  such 
lesions  and  appeared  normal.  We  found  that  the  transcript  levels  of  Hifla  were  significantly 
increased  in  the  OB  containing  TsclnaU  cells  compared  to  the  contralateral  OB.  In  addition,  we 
measured  the  transcriptional  activity  of  Hifla  using  in  vivo  luciferase  reporter  assays  and  found  a 
significant  increase  in  Hifla  activity  in  the  OB  containing  Tsclnul1  cells  compared  to  those 
containing  Tsclhet  cells.  These  data  are  in  agreement  with  published  data  showing  increased 
Hifla  expression  as  well  as  increased  protein  expression  of  Hifl -dependent  genes  ( e.g .  VEGF)  in 
human  TSC  tissue  [8,  15,  31-35], 
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Considering  that  Hifla  activity  was  increased  in  Tsclnu]]  cells,  we  perform  a  gain-of- 
function  experiment  by  electroporating  a  Hif la-overexpression  vector  [12].  We  found  that  Hifla 
overexpression  in  newborn  neurons  led  to  a  significant  increase  in  the  basal  dendritic  complexity 
and  length.  It  is  thus  possible  that  increased  Hifla  activity  contributes  to  the  hypertrophic 
dendritic  tree  observed  in  TsclauU  neurons.  These  experiments  were  performed  in  Tscl 
heterozygote  mice  since  patients  are  mutant  for  TSC1  or  TSC2.  However,  these  data  are  in 
agreement  that  Hif  1  a  or  hypoxia  may  regulate  dendritic  complexity  when  expressed  in  newborn 
neurons  of  wild-type  mice  [36,  37],  This  finding  is  intriguing  and  may  have  significant 
implications  in  developmental  conditions  during  which  infants  are  exposed  to  hypoxic 
conditions,  such  as  preterm  infants.  In  such  conditions,  Hifla  levels  are  known  to  be  increased 
and  may  impact  dendritic  development.  In  addition,  hypoxic  conditions  can  induce  mTOR 
activity  and  seizures  [38,  39],  Thus,  those  infants  carrying  TSC  mutations  may  be  at  additional 
risk  during  preterm  labor. 

To  assess  Hifla  function  on  TsclaaU  neuron  development,  we  pharmacologically  blocked 
Hifla  and  performed  loss-of-function  experiments.  The  former  experiment  revealed  that  Tsclnu]] 
neurons  are  partially  resistant  to  inhibition  with  echinomycin  compared  to  Tsclhet  neurons.  This 
is  in  agreement  with  the  finding  that  TsclnaU  neurons  have  more  Hifla  than  Tsclhet  neurons. 
Nevertheless,  knockdown  of  Hif  1  or  expression  of  dominant  negative  Hifla  led  to  a  significant 
80-90%  reduction  in  the  number  of  newborn  Tscfml1  neurons.  The  number  of  TsclnaU  SVZ  cells 
did  not  appear  to  be  affected  suggesting  that  changes  in  SVZ  stem  cells  did  not  account  for  the 
loss  of  newborn  neurons.  To  test  this  hypothesis,  we  used  inducible  vectors  to  selectively 
knockdown  Hifla  when  newborn  neurons  had  had  migrated  to  the  OB  thus  by-passing  the 
majority  of  SVZ  stem  cells.  Hifl  knockdown  in  integrating  new  bom  Tsclnun  neurons  also  led  to 
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a  dramatic  reduction  in  their  number  in  the  OB.  Based  on  these  data  we  suggest  that  Hifla  is 
required  for  newborn  Tsclnu]]  neuron  survival  in  particular  at  the  onset  of  synaptic  integration. 
Collectively,  we  propose  that  up-regulation  of  Hifla  transcriptional  activity  in  newborn  neurons 
promotes  the  growth  and  persistence  of  TSC  lesions. 

Materials  and  Methods 
Animals 

Research  protocols  were  approved  by  the  Yale  University  Institutional  Animal  Care  and 
Use  Committee.  Experiments  were  performed  on  littermate  Zvc7fl  wt/R26R  and  Tvc7flmut/R26R 
mice  of  either  gender  obtained  by  crossing  the  following  2  lines  of  transgenic 
mice:  TscP1'-1  (Jackson  Laboratories)  and  Tsclwl/mut  (NCI)  that  we  had  crossed  with  R26R-Stop- 
RFP  mice  (R26Rrfp,  Jackson  Lab,  RFP  for  tdTomato).  These  2  lines  of  mice  were  generated  by 
David  J.  Kwiatkowski  (Brigham  and  Women’s  Hospital,  Harvard  Medical  School,  Cambridge, 
Massachusetts,  USA).  Mice  were  prescreened  for  successful  electroporation  prior  to  sacrificing 
by  viewing  with  an  epifluorescence  microscope  or  a  Kodak  4000  imager. 

Genotyping 

Tail  or  toe  samples  were  taken  and  were  subjected  to  DNA  isolation,  PCR  amplification 
using  previously  published  primers  (51,52)  and  amplicons  separated  by  standard  electrophoresis 
methods. 

Vectors 

The  vectors  pCAG-HIFla,  PBS/pU6-HIFls  RNAi  plasmid  1,  PBS/pU6-  HIFla  RNAi 
plasmid  2,  pCAG-GFP,  pCAG-CRE,  and  pCAG-ERT2CreERT2  were  purchased  from  Addgene 
(donated  by  Dr.  C.  Cepko).  For  conditional  shRNA  expression,  the  Cre-Lox  conditional  vector, 
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pSico  (Addgene,  Dr.  M.  Jacks)  was  used  to  place  the  Hifla  shRNA  behind  the  floxed-GFP 
cassette.  The  pSico  plasmid  was  co-injected  with  the  tamoxifen-inducible  Cre-recombinase 
expression  vector  pCAG-ERT2CreERT2  (Addgene,  Dr.  C.  Cepko)  as  well  as  a  pCAG-tdTomato 
(noted  RFP)  vector  that  was  constructed  using  the  pCMV-tdTomato  vector  from  Clontech.  Upon 
inducing  ERT2CreERT2-recombinase  activity  with  tamoxifen,  the  EGFP  cassette  would  recombine 
out  and  place  shRNA  sequence  directly  downstream  from  the  U6  RNA  promoter.  The  control 
vectors  for  shRNA  contained  an  empty  sequence. 

Neonatal  electroporation 

Electroporations  were  performed  as  previously  described  [14,  20],  For  postnatal 
electroporations,  plasmids  (2-3  pg/pl)  were  diluted  in  PBS  containing  0.1%  fast  green  as  a  tracer. 
0.5-1  pi  of  plasmid  solution  was  injected  into  the  lateral  ventricles  of  neonatal  pups  using  a 
pulled  glass  pipette  (diameter  <50  pm).  5  square-pulses  of  50  ms-duration  with  950  ms-intervals 
at  100  V  were  applied  using  a  pulse  ECM830  BTX  generator  and  tweezer-type  electrodes  (model 
520,  BTX)  placed  on  the  heads  of  P0-P1  pups. 

Luciferase  Assays 

Mice  from  postnatal  electroporations  were  anesthetized  with  Nembutal  and  decapitated. 
Olfactory  bulbs  were  flash  frozen  in  liquid  nitrogen  and  placed  in  1 .5  ml  ice  cold  lysis  buffer  and 
subjected  to  a  dual  luciferase  assay  (Promega)  according  to  manufacturer’s  recommendations. 
Tissue  was  passed  through  a  pre-chilled  20  gauge  needle  attached  to  a  1  ml  syringe  10  times. 
Samples  were  centrifuged  at  10,000  x  g  for  10  minutes  at  4°C.  The  supernatant  was  then  placed 
on  ice  for  approximately  15  minutes.  20  pi  of  sample  was  preloaded  into  100  pi  of  luciferase 
assay  substrate  II  and  briefly  mixed.  The  luminescence  was  measured  in  a  TD  20/20 
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Luminometer  (Turner  Designs,  Sunnyvale,  CA).  100  pi  stop  and  glo  reagent  was  then  added, 
mixed,  and  the  luminescence  from  renilla  reniformis  was  determined. 

Slice  preparation  and  immunostaining 

Postnatal  day  (P)  28  mice  were  deeply  anesthetized  with  pentobarbital  (50  mg/kg).  The 
brain  was  then  quickly  removed  and  placed  in  4%  paraformaldehyde  overnight  at  4°C,  then 
washed  in  lx  PBS.  The  region  of  electroporation  was  imaged  using  a  Kodak  4000  imager.  The 
next  day,  1 00-pm-thick  slices  were  prepared  using  a  vibratome  (Leica  VTS  1000). 
Immunostaining  was  performed  in  free-floating  1 00-pm-thick  slices  as  previously  described 
(53).  Free-floating  sections  were  blocked  in  PBS  containing  0.1%  Triton  X-100,  0.1%  Tween- 
20,  and  2%  BSA  and  incubated  in  primary  antibodies  (see  below)  overnight  at  4°C.  After  several 
washes  in  PBS  containing  0.1%  Tween-20,  slices  were  incubated  with  the  appropriate  secondary 
antibody  (Alexa  Fluor  series  at  1:1,000  [Invitrogen];  or  Cyanine  series  at  1:500  [Jackson 
ImmunoResearch])  for  1  hour  at  room  temperature.  Primary  antibodies  were  rabbit  anti-pS6 
(1:1,000;  Cell  Signaling;  S235/236,  2F9,  catalog  #4856)  and  Hifla  (1:500,  Abeam).  Each 
staining  was  replicated  in  slices  from  3  different  mice.  Z-section  images  were  acquired  on  a 
confocal  microscope  (Olympus  FluoView  1000)  with  a  20X  dry  objective  (N.A.  0.75).  Low- 
magnification  images  were  acquired  with  a  lOx  dry  objective  or  a  dissecting  scope  (SZX16  with 
a  SDF  PLAPO  IX  PF  objective).  Images  were  analyzed  using  Imaris  4.0  (Bitplane  AG)  and 
reconstructed  using  ImageJ  1.39t  software  (Wayne  Rasband,  NIH)  or  Photoshop  CS3. 

Cell  Counts 

Cell  number  was  determined  by  an  observer  blinded  to  conditions  and  genotypes  in  1-3 
slices  per  animal  for  several  mice  from  multiple  litters  for  each  condition  (for  exact  n,  see  text).  4 
pm  Z-sections  were  taken  with  a  10X  dry  objectives  with  a  confocal  microscope  (Olympus 
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FluoView  1000)  with  a  1024  x  1024  resolution.  Images  were  opened  with  image  J  and  Z- 
projections  were  generated  from  each  fluorescent  channel.  The  stacked  image  was  inverted, 
subjected  to  thresholding,  and  converted  to  a  binary  image.  The  image  was  then  processed  using 
image  J  watershedding.  Blinded  automated  computational  analysis  was  then  performed  (pixel 
area  =  0.001-0.02,  circularity  =  0.5- 1.0). 

RNA  isolation  and  quantitative  (q)  RT-PCR 

RNA  isolation  and  qRT-PCR  were  performed  as  described  by  Feliciano  et  al.  [20], 
Briefly,  Trizol  reagent  and  21%  chloroform  were  added  to  each  electroporated  olfactory  bulb  and 
passed  through  a  22  gauge  1.5  inch  needle  and  then  vortexed.  Following  centrifugation  for  15 
minutes  at  4°C  and  12,000  g,  the  top  aqueous  phase  was  transferred  to  a  fresh  reaction  tube. 
After  adding  1.0  ml  of  ethanol,  the  sample  was  vortexed  for  1  minute,  and  centrifuged  at 
8,000  g  for  15  seconds.  Pellets  were  rinsed  three  times  with  75%  ETOH.  Following 
centrifugation,  the  RNA  was  eluted  with  RNase-ffee  deionized  H2O  prior  to  determining  its 
concentration  and  purity  on  a  spectrophotometer.  The  samples  with  contamination  were 
subjected  to  an  additional  ethanol/sodium  acetate  precipitation. 

For  RT-PCR,  2.12  pg  of  RNA  was  mixed  with  dNTPs,  random  primers  (Invitrogen),  and 
RNase/DNase-ffee  deionized  H2O,  heated  for  5  minutes  at  65°C,  and  then  rapidly  chilled  on  wet 
ice  for  5  minutes,  followed  by  brief  centrifugation.  DTT,  RNase  out,  and  Superscript  III  were 
then  added  to  each  sample  and  reverse  transcribed  in  a  BioRad  MyCycler.  cDNA  was  then 
subjected  to  PCR  using  primers  XoHifl  (F725,  TGGTGCTAACAGATGACGGCGA;  R10 10, 
CCCGT  GC  AGT  GAAGC  ACCTTCC ;  F401,  GACAACGCGGGCACCGATTC;  R665, 
TCACTGTCTAGACCACCGGATCjand  Gapdh  [14],  mRNA  transcripts  were  quantified  by  the 
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standard  curve  method  of  qRT-PCR.  cDNA  was  amplified  with  the  specified  primers  and 
detected  with  SYBR  Green  (Bio-Rad)  by  a  Chromogen-modified  iCycler. 

Morphometric  analysis 

Complete  images  of  RFP+  neurons  were  acquired  in  coronal  sections  using  a  Fluoview 
1000  confocal  microscope  and  20X  objective  with  a  2x  digital  zoom  to  focus  on  basal  neurites. 
Neurites  were  traced  with  simple  neurite  tracer  software  (FIJI,  GNU  GPL  v3).  Scholl  analyses 
were  carried  out  using  dendrite  length  as  a  measure  of  morphological  complexity.  Confocal  Z- 
stacks  from  3  different  square  fields  of  view  were  taken  from  each  olfactory  bulb  (OB)  section. 
This  was  done  for  3  different  OB  sections  in  a  randomly  selected  series  from  each  animal.  At 
least  3  animals  were  analyzed  per  condition. 

Statistics 

Analysis  was  performed  on  3-6  animals  in  each  condition.  Data  were  presented  in  Sigma 
Plot  11.0.  Statistical  significance  was  determined  using  unpaired  Student  t-test  with  p<0.05  for 
significance.  Data  are  presented  as  mean  ±  standard  error  of  the  mean  (SEM). 
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Figures  legends 

Figure  1:  Generation  of  TSC-like  lesions  containing  newborn  Tsclnul1  neurons.  (A) 

Transgenic  mice  electroporated  with  CRE-  and  GFP-encoding  plasmids  resulting  in  the 
generation  of  TsclnaU  and  Tsc  het  cells.  (B)  Diagram  of  a  pipette  containing  DNA  plasmid  to  be 
injected  into  the  lateral  ventricle  and  electroporated  into  SVZ  cells  (the  SVZ  is  not  shown).  (C) 
Confocal  image  of  GFP/RFP  (white)  and  TOPRO-3  (red)  fluorescence  in  a  sagittal  section  of  the 
olfactory  bulb  from  a  P28  Tvc7fl  milt/R26R  mouse  electroporated  at  P0  with  CRE-  and  GFP- 
encoding  plasmids.  TOPRO-3  labels  cell  nuclei.  Green  arrows  point  to  misplaced  TsclnuU 
neurons.  The  dotted  blue  line  circles  a  heterotopia.  Scale  bar:  140  pm. 

Figure  2:  Hifla  mRNA  and  activity  are  up-regulated  in  newborn  Tsclnan  neurons.  (A) 

Diagram  of  coronal  OB  sections.  The  ipsilateral  section  contains  GFP+/RFP+  cells  that  contained 
CRE  following  electroporation  at  PI  in  the  SVZ.  (B)  PCR  gels  of  Hifla  cDNA  obtained  from 
ipsilateral  (CRE+)  and  contralateral  (CRE-)  P21  TsclJI/mi"  /R26R  OB  using  two  primer  sets.  (C) 
Bar  graphs  of  the  relative  abundance  of  Hifla  mRNA  measured  by  qRT-PCR  and  obtained  from 
ipsilateral  (CRE+)  and  contralateral  OB  from  P28  TsclfI/mul/R26R  mouse.  (D)  Diagram  of  the 
luciferase  vectors.  (E)  Bar  graphs  of  the  relative  luciferase  activity  due  to  Hilfa  increase  in  CRE- 
containing  OB  from  P28  Tscln/Wt  and  Tscla/mut  mice.  *:  p<0.05;  **:  p<0.01. 

Figure  3:  Hifla  overexpression  increases  the  dendritic  complexity  of  newborn  neurons.  (A) 

Diagram  of  the  vectors  used  in  Tsclwt/mat  mice.  (B)  Bar  graphs  of  the  relative  luciferase  activity 
induced  by  Hilfa  overexpression  in  OB  from  P28  Tsclwt/mut  mice.  (C)  Representative  examples 
of  traced  basal  dendrites  from  GFP  (control)-  or  Hifla-overexprressing  granule  cells.  (D) 
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Number  (#)  of  crossings  as  a  function  of  the  relative  distance  from  traced  control  (while)  and 
Hif la-overexpressing  (black)  granule  cells.  (E)  Bar  graphs  of  the  basal  dendritic  length  in 
control  and  Hif  la-overexpressing  cells.  *:  p<0.05;  **:  p<0.01. 

Figure  4:  Tsclnuli  neurons  are  partially  resistant  to  Echinomycin-induced  cell  death.  (A) 

Diagram  of  the  experimental  protocol.  (B)  Images  of  PI 8  brain  hemispheres  from  Tscltl'mut  and 
TsclWwt  mice  following  treatment  with  echinomycin.  (C)  Bar  graphs  of  the  relative  number  of 
Tsclnali  and  Tsclhet  cells  in  the  OB  of  TsclWmut  mice  and  7kc7fl/wt,  respectively,  treated  with 
either  vehicle  or  echinomycin.  *:  p<0.05;  **:  p<0.01. 

Figure  5:  Hifla  is  essential  for  the  survival  of  newborn  Tsclnuti  neurons.  (A)  Diagram  of  the 
vectors  used  in  7kc7flmut/R26R  mice.  (B)  Images  of  P19  brain  hemispheres  from  control  or 
shHifla  electroporated  mice.  (C  and  D)  Confocal  images  of  coronal  P19  OB  sections  containing 
Tsclaan  cells  expressing  a  control  (C)  or  Hifla  shRNA  (shHifla)  (D).  shHifla  eliminated  TsclnaU 
neurons.  (E)  Confocal  images  of  SVZ  containing  TsclnaU  cells  expressing  a  control  shRNA  or 
shHifla.  Same  mice  as  in  (C  and  D).  (F)  Bar  graphs  of  the  relative  number  of  Tsclnu]]  cells 
containing  a  control  vector  (grey)  or  dominant  negative  Hifla  (black).  P<0.01. 

Figure  6:  Hifla  is  required  for  Tsclnun  neuron  survival  at  the  onset  of  synaptic  integration. 

(A)  Diagram  of  the  vectors  used  in  Tkc7fl  milt/R26R  mice.  (B)  Confocal  images  of  coronal  P24 
OB  sections  containing  TsclnaU  cells  expressing  control  shRNA  or  shHifla  following  induced 
expression  at  P10  with  tamoxifen  injections.  (C)  Bar  graphs  of  the  relative  number  of  TsclnaU 
cells  containing  either  a  inducible  control  shRNA  (grey)  or  inducible  shHifla  (black).  P<0.001. 
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